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1.  INTRODUCTION 


1.1  Importance  of  III-V  Materials 

The  development  of  the  solid-state  electronic?  industry  has  principally  centered 
around  the  semiconductor  material  Si,  mainly  as  a  result  of  its  ease  of  preparation, 
available  high  purity,  existence  of  an  excellent  n  -five  oxide  and  good  electrical  pro¬ 
perties.  The  explosive  growth  in  semiconductor  ;  .  hnology  has  nurtured  a  multitude 
of  ingenious  solid-state  device  structures  and  fur  ions  that  pi  an  ever  increasing 
demand  upon  the  physical  and  electrical  pro;.  .  rties  of  thi  host  semiconductor 
material.  Although  the  material  Si  has  satisfied  .  large  number  of  the  requirements 
for  solid-state  device  applications,  there  exists  r:  degree  of  freeoom  in  the  inherent 
electrical  properties  of  this  material.  Because  of  this  inflexifci.ity,  a  considerable 
amount  of  the  current  research  has  focused  on  re  development  of  alternative  sem¬ 
iconductor  materials  to  meet  the  demands  of  torn  -ov.’s  devices 

In  particular,  Group  III-V  compounds  and  sol::  solutions  are  presently  receiving 
intense  investigation.  The  motivation  for  the  rest  .  rch  resides  in  two  principal  advan¬ 
tages  offered  by  III-V  materials:  the  existence  of  t  rree  degrees  of  freedom  in  the  pro¬ 
perties  of  the  material  and  improved  inherent  el  tncal  properties.  The  first  degree 
of  freedom  is  found  in  the  choice  of  the  base  bine  :  /  system  (nine  possible  compounds 
with  the  Group  III  elements  Al,  Ga  and  In  and  f  Group  V  elements  P,  As  and  Sb). 
While  the  second  and  third  ri agrees  of  freedom  aim  realized  as  a  result  oJ  the  ability  to 
often  form  completely  miscible  substitutional  sol:.:  solutions  on  both  the  Group  111  and 
the  Group  V  sublattices  independently.  Thus,  f  •  crumple.  it  would  be  possible  to 
specify  a  lattice  parameter,  bandgap  energy  and  norma!  conductivity  (within  a  cer¬ 
tain  range  of  values)  to  satisfy  the  constraint-  for  gi  .vn  d  vice  structure.  This  point 
is  illustrated  in  Figure  1.1  which  plots  the  lattice  .  rameter  of  III-V  binary  compounds 
versus  the  observed  room  temperature  bandga.  on  rg>  The  a.  lid  dots  represent 
binary  compounds  and  the  linns  connecting  >■  ;  t.  pr  -  nt  t  •  r  -  ary  solid  solutions 
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Lattice  parameter  of  II I -V  compounds  and  solid 
solutions  versus  hanckjap  enerqv; 


Figure  1.1 
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of  the  two  binary  limits.  Solid  lines  signify  direct  bandgap  materia!?  while  broken  lines 
indicate  indirect  materials.  Essentially,  the  entire  area  enclosed  in  Figure  1.1  is 
accessible  to  the  designer  when  employing  ternary  and  quaterr  ry  II1-V  solid  solu¬ 
tions.  Such  flexibility  as  encountered  with  Ill- V  materials  is  extremely  useful  for 
optimal  design  of  new  solid-state  electronic  devices.  Of  interest  r.ere  is  the  quater¬ 
nary  system  fnx  Ga  P\~y  ■  The  available  range  of  lattice  parameter  and  bandgap 

energy  for  this  system  is  given  by  the  cross  hatched  surface  shov,  r  .n  Figure  1.1.  Thus 
the  lattice  parameter  and  bandgap  energy  may  be  specified  independently  with  the 
composition  of  the  quaternary  solution  chosen  to  meet  these  specifications.  The 
application  of  one  degree  of  freedom  to  the  lattice  parameter  is  extremely  important 
since  currently  only  GaAs,  GaSb,  GaP,  InP  and  Ir.Sb  are  available  ir.  bulk  crystal  form 
for  use  as  substrate  materials.  A  disparity  of  greater  than  O.l'l  between  the  lattice 
parameter  of  the  eu  tret  rate  anti  epitaxial  layer  rrrdtrces  the  formation  of  interface 
■defects  in  tire  erystai  structure  which  can  degrade  the  device  performance.  One 
important  application  of  the  quaternary  InxGa ,  „xAsyP  is  in  me  development  of 
heterojunction  lasers  for  use  as  transmitters  in  optical  fiber  communication  systems 
(11).  Currently  available  optical  fibers  exhibit  minima  in  attenuation  and  dispersion 
characteristics  for  radiation  of  approximately  1  eV  (11).  Choosing  the  values  of  x=0.8 
and  y=0.35  yields  an  emission  energy  of  ~l.il  eV  (12)  with  a  lattice  parameter  which 
closely  matches  that  of  the  InP  substrate. 


The  second  advantage  III-V  materials  offer  is  a  general  improvement  in  electrical 
properties.  As  examples,  Table  1.1  illustrates  some  measured  room,  temperature  elec¬ 
tron  mobilities,  bandgap  energies  and  lattice  parameters  observed  for  III-V  compounds 
and  for  Si  (10).  This  summary  indicates  that  as  much  as  two  orders  of  magnitude 
improvement  can  be  encountered  with  the  use  of  III-V  compounds  over  Si  and  this 
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improvement  is  extremely  important  in  high  speed  or  high  frequer. 
tions.  Thus,  in  the  future,  III-V  materials  are  expected  to  play  an 
the  host  material  for  semiconductor  devices.  l-  r.v--.ar,  ’he  wihr-- 
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materials  is  currently  limited,  mainly  as  a  resup  cf  technological  problems. 

Table  1.1 

Some  Properties  of  Si  and  III-V  Binary  Semiconductors  at  300K 
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direct 

direct 

direct 

direct 
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1.12 

1  3  50 

5.43 

0.17 

b  VO  o 

6.43 

0.36 

2  3300 

6.06 

0.72 

5  '00 

6.10 

1.35 

4000 

5.87 

1.42 

3300 

5.65 

2.26 

300 

5.45 

1.2  Epitaxy  of  m-V  Materials 

There  exist  three  primary  methods  for  growing  epitaxial  III-V  f.ims:  liquid  phase  epi¬ 
taxy  (LPE),  molecular  beam  epitaxy  (MBE)  and  chemical  vapor  deposition  (CVD).  LPE 
is  the  growth  of  thin  single  crystal  layers  from  a  liquid  solution.  The  driving  force 
(lowering  the  Gibbs  energy  of  the  solid  surface  below  that  of  the  contacting  melt)  can 
be  provided  by  a  variety  of  sources  such  as  Peltier  cooling  and  electromigration  (elec¬ 
troepitaxy),  initial  supersaturation  (isothermal  L ,?L)  and,  most  commonly,  by  decreas¬ 
ing  the  temperature.  The  advantages  of  LPE  include: 

1")  The  method  is  capable  of  growing  multicomponent  layers  with  a  high  reactivity 
disparity  among  the  elements. 

2)  The  equipment  is  relatively  simple  and  inexpensive. 

3)  A  large  selection  of  dopants  is  available. 

4)  The  process  is  near  equilibrium  at  the  surface  thus  allowing  reproducibility. 

5)  The  growth  occurs  below  the  film  melting  temp  mature. 

6)  The  growth  rate  can  be  high. 

7)  The  impurity  distribution  coefficients  are  g  me  rally  favorable  (K  <  l). 

There  are,  however,  several  drawbacks  with  I.P-  Often  there  exists  the  presence  of 
surface  defects  such  as  incomplete  melt  rerr .  terraces, 


pinholes,  and  miniscus 
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lines.  The  thickness  uniformity  can  be  poor  and,  for  solid  sol  _:ion  films,  inherent 
composition  gradients  are  present.  Furthermore,  l, PE  is  a  small  scale,  batch  operation 
and  heteroepitaxy  can  be  difficult. 

Molecular  beam  epitaxy  is  a  method  for  growing  epitaxial  thin  films  of  semiconduc¬ 
tors  by  impinging  one  or  more  thermal  energy  beams  of  atoms  or  molecules  onto  a 
heated  substrate  under  ultra-high  vacuum  conditions.  The  distinguishing  characteris¬ 
tic  of  MBE  is  the  slow  growth  rate  (0.1—2  fim/ hr)  that  permits  precise  control  of  layer 
thickness,  composition  and  doping  profiles.  Furthermore,  it  is  possible  to  achieve  spa¬ 
tial  resolution  not  offered  by  other  techniques.  As  with  LPE,  the  growth  temperatures 
are  reduced.  In  addition,  in  situ  analysis  of  the  surface  structure  and  reaction  condi¬ 
tions  during  growth  is  possible.  However,  the  equipment  is  very  expensive  and  the 
throughput  is  low. 

Commercially  the  most  successful  technique  for  depositing  epuaxial  semiconductor 
films  is  chemical  vapor  deposition.  Three  source  chemistries  dominate  the  CVD  pro¬ 
cess  for  III- V  materials:  Group  III  and/or  Group  V  metalorganic  (MOCVD),  Group  V 
hydride  and  Group  V  halide  sources.  The  MOCVD  technique  involves  an  irreversible 
pyrolysis  reaction  in  which  a  Group  III  metalorganic  gaseous  specie  is  fed  to  a  cold- 
wall  reactor  along  with  a  Group  V  specie  (usually  a  hydride).  These  species  then  con¬ 
tact  a  heated  (inductive  or  radiative)  substrate,  decompose,  and  deposit  an  epitaxial 
layer  onto  the  substrate. 

The  focus  of  this  work  is  with  the  halide  (specifically  the  chlor.dc)  and  hydride  CVD 
processes.  A  schematic  representation  of  the  chloride  CVD  system  is  shown  in  Figure 
1.2.  The  reactor  consists  of  source,  mixing  and  deposition  zones  which  are  usually 
operated  at  100  kPa  pressure.  Due  to  the  exothermic  nature  of  :he  overall  deposition 
reaction,  the  reactor  is  hot-wall  in  design  and  the  temperature  of  the  mixing  zone  is 
greater  than  or  equal  to  that  of  the  source  zone  while  the  deposition  zone  tempera¬ 
ture  is  normally  less  than  that  of  the  source  zone  Typically,  hydrogen  is  used  as  the 


carrier  gas  with  the  concentration  of  the  Gro~:  Y  chloride  in  r.e  inlet  being  on  the 
order  of  1  volume  percen  The  Group  Hi  sourer  >  -ither  the  :!!-'•  stoichiometric  com¬ 
pound  (avoids  initial  source  transient)  or  the  G-.-up  III  liquid  mf.il  saturated  with  the 
Group  V  element  (generally  available  in  higher  parity).  Upon  erne  ring  the  reactor  the 
Group  V  chloride  decomposes  (either  homogeneously  or  heterogeneously)  to  form  pri¬ 
marily  V2,  V4  and  HCl  vapor  species.  The  HC1  tr.en  reacts  with  me  Group  III  source  to 
form  III-Cl  and  other  higher  chlorides.  The  mixing  zone  allows  the  species  in  the  vapor 
to  equilibrate  while  transporting  to  the  lower  1  emperature  deposition  zone  where  the 
Group  III  and  V  vapor  species  react  at  the  substrate  surface  to  deposit  an  epitaxial 
layer.  When  a  liquid  Group  III  source  is  used  th~  ratio  of  Group  hi  to  Group  V  atoms  in 
the  vapor  is  fixed  at  approximately  3  since  essentially  all  of  the  chlorine  atoms  on  the 
Group  V  chlorides  react  to  predominantly  form  III-CL  The  use  of  a  III- V  stoichiometric 
compound  as  the  Group  III  source  limits  the  III  Y  ratio  to  a  maximum  value  of  1  since 
one  Group  V  atom  is  released  from  the  solid  for  each  Group  Y.l  atom  that  reacts  to 
form  III-Cl. 

The  hydride  CVD  process  is  shown  schematically  in  Figure  1.3.  The  source  zone  of 
the  hydride  system  consists  of  two  mass  transfer  isolated  inputs:  one  for  the  Group  V 
specie  and  one  for  the  Group  III  specie.  The  Group  V  hydride,  at  a  typical  inlet  compo¬ 
sition  of  1%,  is  introduced  into  the  source  zone  •■•here  it  decomposes  to  form  primarily 
Vz,  V4  and  Hz.  As  in  the  chloride  process,  the  Group  III  element  is  transported  princi¬ 
pally  as  the  mono-chloride  by  the  reaction  of  HCl  (typical  HCl  inlet  concentration  is 
1%)  with  the  liquid  Group  III  metal.  One  major  advantage  the  hydride  system  provides 
over  the  chloride  system  is  the  ability  to  vary,  in  a  continuous  fashion,  the  vapor  III/V 
ratio  by  simply  adjusting  the  input  compositions  or  flowrates  of  YH3  and  HCl.  Typically 
the  source  and  mixing  zones  in  the  hydride  system  are  operated  at  higher  tempera¬ 
tures  than  those  of  the  chloride  system  in  ord .  to  increase  the  rate  of  VH3  thermal 
decomposition  (the  decomposition  kinetics  of  •  ..'3  are  much  slower  than  VCl3).  Again, 
hydrogen  is  usually  used  as  the  carrier  gas  r: ::  the  mixing  and  deposition  zones 
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provide  functions  equivalent  to  those  in  the  chloride  system,  '.-.deed,  the  equilibrium 
chemistry  of  the  two  systems  are  identical  after  the  source  zone. 

Both  the  chloride  and  hydride  systems  are  hot-wall  designs  .heating  from  the  out¬ 
side  of  the  reactor  tube  by  conduction).  Therefore,  interactions  between  the  vapor 
phase  and  the  reactor  wall  (usually  quartz)  can  be  thermodynamically  favorable  and 
not  kinetically  limited  for  the  introduction  of  impurities  into  the  vapor.  The  gas 
flowrates  through  these  reactors  are  generally  small  (Re  1C;  such  that  the  flow  is 
decidedly  laminar. 

An  understanding  of  the  chemistry  involved  in  the  chloride  and  hydride  CVD 
processes  is  essential  in  order  to  advance  these  technologies.  The  complex  chemical 
equilibrium  analysis  of  these  systems  developed  in  this  study  identifies  the  principal 
vapor  phase  species  which  must  be  accounted  for  in  order  to  understand  these  CVD 
systems.  The  influence  these  species  exert  on  the  point  defect  structure  of  the  epi¬ 
taxial  layers  is  discussed  and  the  importance  of  these  defects  as  undesired  dopants  is 
evaluated.  This  analysis  also  provides  information  regarding  the  degrees  of  supersa¬ 
turation  expected  in  the  deposition  zones  and  suggests  methods  for  reducing  the 
unintentional  incorporation  of  silicon  in  III- V  epitaxial  layers.  Both  the  chloride  and 
hydride  processes  were  investigated  for  the  deposition  of  homoepitaxial  GaAs  and  InP 
and  thus  allow  direct  comparisons  to  be  made. 
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2.  REVIEW  OF  THE  LITERATURE 


2.1  Impurities  in  GaAs  and  InP  Epitaxial  Films  Grown  by  the  Chloride  Process 

The  feasibility  of  applying  the  chloride  system  CVD  technique  to  the  epitaxial 
growth  of  high  purity  GaAs  was  first  demonstrated  by  Knight  et  al.  [16]  and  Efter  [17]. 
Initially,  the  commercially  available  AsCl 3  contained  sufficient  impurities  to  cause 
significant  contamination  of  the  epitaxial  layers  and  therefore  the  purity  of  the  feed 
materials  was  believed  to  be  the  controlling  factor  for  this  system  [19].  As  better 
quality  As&a  became  available  Cairns  and  Fairman  [20,21]  and  DiLorenzo  et  al.  [22] 
found  that  an  increase  in  the  AsCl 3  mole  fraction  in  the  inlet  gas  stream  resulted  in  a 
decrease  in  unintentional  impurity  incorporation  in  the  epitaxial  layer. 

For  materials  grown  in  their  laboratory,  DiLorenzo  and  Moore  [23]  identified  the 
primary  unintentional  dopant  as  being  silicon,  through  the  use  of  photoluminescence 
spectra.  Further,  they  proposed  a  thermodynamic  model  for  the  generation  of  vapor 
phase  chlorosilanes  as  a  result  of  the  interaction  of  HC1  with  the  quartz  (SiOz)  reactor 
wall  and  presented  an  expression  for  the  activity  of  solid  silicon  (i.e.  as  an  impurity)  as 
a  function  of  the  partial  pressures  of  the  chlorosilanes.  Their  model  showed  that 
increasing  the  vapor  HCl  concentration  (e.g.  as  a  result  of  AsCla  decomposition) 
decreased  the  condensed  phase  silicon  activity  by  further  stabilizing  the  silicon 
species  in  the  vapor  phase  in  the  form  of  chlorosilanes.  Additionally,  their  model 
predicted  that  the  generation  of  vapor  phase  silicon  species  could  be  suppressed  by 
the  introduction  of  HzO  in  the  vapor. 

Rai-Choudlmry  [27]  performed  a  thermodynamic  analysis  on  the  incorporation  of 
silicon  into  GaAs  epitaxial  layers.  His  results  reflected  those  of  DiLorenzo  and  Moore 
[23]  when  considering  the  effects  of  H2O  and  HCl  but  he  also  showed  that  higher  tem¬ 
peratures  increase  the  amount  of  vapor  phase  silicon  species. 

The  work  of  Ashen  et  al.  [26]  further  supported  the  conclusion  that  silicon  was  an 
impurity  in  GaAs.  A  BN  lined  reactor  was  used  to  grow  epitaxial  layers  from  liquid  Ga 


sources  which  were  doped  with  Si.  Comparing  the  electrical  characteristics  of  these 
epi-layers  to  layers  grown  from  pure  Ga  sources  provided  qualitative  evidence  for  the 
presence  of  Si  in  GaAs.  The  effect  of  AsCl3  concentration  on  the  amount  of  Si  incor¬ 
porated  into  the  epi-layer  was  also  verified  by  their  experiments.  Additionally,  they 
provided  evidence  which  indicated  that  Si  was  much  more  likely  to  reside  on  a  Ga  site 
than  an  As  site  and  therefore  behaves  as  a  donor.  This  conclusion  was  also  supported 
by  Beiden  et  al.  [29]. 

Wolfe,  Stillman  and  Korn  [24]  have  identified,  through  intentional  doping  and  deter¬ 
mination  of  ionization  energies,  three  unintentional  impurities.  Si,  C  and  one  unknown 
(possibly  Te),  in  GaAs  grown  by  the  chloride  CVD  system.  Also,  due  to  concerns  over 
oxygen  possibly  being  a  shallow  donor  in  GaAs  [25],  they  attempted  to  dope  the  epitax¬ 
ial  layer  with  oxygen  by  adding  Ga203  to  the  liquid  gallium  source.  The  oxygen,  how¬ 
ever,  was  not  incorporated  into  the  epitaxial  layer  but  the  presence  of  oxygen  in  the 
system  did  reduce  the  amount  of  unintentional  silicon  which  was  incorporated  into 
the  epitaxial  layer.  This  reduction  in  background  doping  due  to  the  presence  of  oxy¬ 
gen  was  also  investigated  by  Palm  et  al.  [28]  by  injecting  a  hydrogen-oxygen  mixture 
into  the  mixing  zone  of  a  chloride  system  CVD  reactor.  Using  silane  as  an  intentional 
dopant  the  presence  of  oxygen  was  found  to  reduce  the  incorporation  of  silicon  in  the 
epitaxial  layers  by  as  much  as  four  orders  of  magnitude. 

Seki  et  al.  [33]  performed  a  thermodynamic  analysis  of  the  GaAs  chloride  process  in 
order  to  identify  the  effects  of  inerts,  HC1  and  substrate  temperature  on  the  activity  of 
silicon  in  the  epitaxial  layers.  They  found,  in  agreement  with  others,  that  increasing 
the  HC1  content  or  decreasing  the  substrate  temperature  lowered  the  silicon  activity. 
They  also  found  that  replacing  the  hydrogen  carrier  gas  with  an  inert  caused  a  very 
large  reduction  in  the  silicon  activity. 

The  effect  of  replacing  the  hydrogen  carrier  gas  with  an  inert  was  investigated  by 
Ozeki  et  al.  [34].  They  found,  through  far  infrared  photoconductivity  measurements, 


that  sulfur  was  the  dominant  residual  donor  present  in  epitaxial  GaAs  when  Na  was 
used  in  place  of  Hz  as  the  carrier  gas.  They  also  found  that  the  dominant  residual 
donor  when  Hz  was  used  as  the  carrier  gas  was  sometimes  Si  and  sometimes  S.  A  pos¬ 
sible  source  of  S  in  the  system  was  not  discussed  (although  it  was  presumably  in  the 
feed  gases)  and  elaboration  on  the  growth  conditions  which  caused  Si  or  S  to  be  dom¬ 
inant  was  not  provided. 

A  thermodynamic  analysis  of  the  chloride  CVD  system  performed  by  Boucher  and 
Hollan  [30]  assumed  solid  GaAs  as  the  Group  III  source  material.  They  concluded,  by 
comparison  with  experiment,  that  the  dominant  Group  III  and  Group  V  species  present 
in  the  vapor  were  GaCl  and  As4.  They  further  found  that  the  deposition  process  was 
kinetically  controlled  with  an  activation  energy  of  ~  40  kcal  mol-1,  and  that  reproduci¬ 
ble  growth  conditions  could  only  be  assumed  if  10%  or  less  of  the  thermodynamically 
available  GaAs  was  deposited  in  the  vapor  phase. 

Gentner,  Bernard  and  Cadoret  [31]  also  studied  the  chloride  process  thermodynam¬ 
ically  and  experimentally  but  over  a  greater  range  of  temperature,  pressure  and  inlet 
AsCla  composition  than  did  previous  investigators.  They  found  that  Asz  became  the 
dominant  Group  V  specie  below  10  kPa  pressure  and  that  GaCl  was  always  the  dom¬ 
inant  Group  111  specie.  At  large  AsCl3  inlet  compositions  the  higher  gallium  chlorides 
became  more  pronounced  but  never  competed  with  the  monochloride  as  the  dominant 
specie.  They  concluded,  based  on  Cadoret’s  [32]  kinetic  model,  a  mass  transfer  model 
and  experimental  results,  that  the  deposition  of  GaAs  was  kinetically  rather  than  mass 
transfer  controlled. 

Shaw  [7]  studied  the  transport  kinetics  of  the  GaAs  chloride  system  in  the  source 
and  deposition  zones.  He  found  an  activation  energy  of  49.1  kcal  mol-1,  in  reasonable 
agreement  with  that  of  Boucher  and  Hollan  [30],  for  a  surface  reaction  associated  with 
the  deposition  process. 

The  epitaxial  growth  of  homoepitaxial  InP  using  a  chloride  CVD  system  was  first 


demonstrated  by  Joyce  et  al.  [40]  and  later  by  Hales  f.  al.  [41].  Be. r.  groups  of  investi¬ 
gators  reported  limitations  on  the  purity  of  their  epitaxial  layers  d_e  to  unintentional 
dopants.  Joyce  and  Williams  [42]  tentatively  ident.f.ed  the  imparities  as  being  Si 
and/or  Zn  acceptors.  They  also  found  evidence  of  a  donor  which  was  thought  to  be 
amphoteric  Si. 

The  dependence  of  unintentional  doping  on  PCl3  mole  fraction  m  the  InP  chloride 
system  was  first  reported  by  Clarke  [43].  The  similarity  betw-eer.  the  GaAs  and  InP 
chloride  system  reactors  c"mbined  with  the  analogo_s  dependencies  on  the  Group  V 
hydride  mole  fraction  supported  the  belief  that  Si  was  an  impur.ty  in  InP  epitaxial 
layers.  Clarke  [44]  later  studied  the  effect  of  III,  V  ratio  in  the  vapor  phase  on  the 
unintentional  doping  of  InP  epi-layers  and  found  p-type  conductivity  for  III/ V  <  3  and 
n-type  for  1II/V  >  3,  with  a  minimum  in  the  free  carrier  concentration  at  III/  V  «  3.  No 
explanation  was  offered  for  these  observations. 

Easton  [45]  investigated  the  unintentional  doping  of  InP  epitaxial  layers  grown  by 
the  chloride  system  and  concluded  that  sulfur  (acting  as  a  dor.or)  was  the  major 
impurity  and  that  the  origin  of  the  sulfur  was  the  PCl3  liquid  source.  Using  mass  spec- 
trometric  analysis  Easton  found  Si,  S  and  Zn  present  in  the  PCI 3  source  at  levels 
between  1  ppm  and  10  ppm  (atomic)  and  Fe,  Cu,  Cd  and  Sn  at  ~  0.7  ppm.  These  same 
elements  were  found  in  the  unused  bulk  In  liquid  at  .evels  below  0.1  ppm.  Analysis  of 
the  used  In  source  liquid  revealed  impurity  levels  approximately  13  times  larger  than 
those  in  the  unused  liquid. 

These  results  support  the  work  of  Weiner  [9]  who  proposed  models  for  the  contami¬ 
nation  of  a  Ga  liquid  source  by  Si  in  the  GaAs  and  GaP  systems.  Weiner's  results 
showed  that  the  liquid  Group  III  metal  impurity  level  increased  as  the  exposure  to  the 
CVD  environment  increased.  He  also  found  the  i-.vel  of  Si  contamination  to  be 
inversely  related  to  the  partial  pressure  of  H30  in  the  system. 

Fairhurst  et  al.  [46]  studied  the  InP  halide  system  using  both  PCl3  and  PBr 3.  They 
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found  that  oxyhalide  salts  were  present  in  both  phosphorous  liquids  at  approximately 
the  100  ppm  level.  The  presence  of  oxygen  was  expected  to  decrease  the  level  of 
impurity  incorporation  in  the  epitaxial  layers.  This  effect  was  not  observed  however, 
presumably  due  to  this  level  of  oxygen  contamination  being  too  low  to  be  significant. 
Equilibrium  calculations  were  performed  which  showed  InCl  and  PA  to  be  the  dominant 
Group  III  and  V  species  in  the  vapor  over  a  temperature  range  of  850  K  to  1150  K  and 
an  inlet  PCl3  mole  fraction  range  of  0.1%  to  6%.  These  results  agreed  with  those  of 
Boucher  and  Hollan  [30]  for  the  analogous  GaAs  system. 

Kales  and  Knight  [47]  investigated  the  effect  of  introducing  oxygen  into  the  system 
in  order  to  reduce  the  level  of  impurities  in  InP.  They  observed  a  monotonic  decrease 
in  free  electron  density  for  additions  of  Oz  up  to  24  ppm  The  electron  mobility  (meas¬ 
ured  at  77  K)  however  reached  a  very  broad  maximum  at  approximately  16  ppm  of 
added  oxygen,  which  suggests  that  oxygen  was  becoming  incorporated  into  the  epitax¬ 
ial  layer  and  that  there  is  a  limit  to  the  degree  of  benefit  which  may  be  obtained 
through  oxygen  addition.  They  also  observed  POCl3  to  be  an  impurity  in  the  liquid 
PCI 3  used  in  the  chloride  system. 

Investigations  of  the  dependence  of  impurity  incorporation  on  PCl3  inlet  composi¬ 
tion,  total  flowrate  and  deposition  zone  temperature  were  carried  out  by  Chevrier, 
Huber  and  Linh  [48].  They  observed  a  decrease  in  free  carrier  concentration  with 
increasing  PCl3  concentration,  as  did  other  investigators,  but  also  found  that  the 
impurity  concentration  increased  with  increasing  total  flowrate.  This  velocity  effect 
had  not  been  reported  before  and  suggests  the  presence  of  a  mass  transfer  resistance 
at  the  Group  III  source  (if  impurities  are  picked  up  from  the  liquid  metal)  and/or  at 
the  substrate  in  the  deposition  zone.  They  also  studied  the  intentional  doping  of  InP 
as  a  function  of  deposition  zone  temperature  using  SnCl 4  Lower  free  electron  con¬ 
centrations  and  higher  electron  mobilities  were  observed  when  the  deposition  zone 
temperature  was  decreased  from  950  K  to  910  K.  Thus,  the  uptake  of  Group  IV  impuri¬ 


ties  (Sn,  Si,  etc.)  was  apparently  reduced  by  lower  •  g  the  deposition  zone  temperature. 
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Cardwell  et  al.  [49]  found  kinetic  limitations  in  both  the  sour:e  and  deposition 
zones.  The  previously  reported  effect  of  PCI3  mole  fraction  on  imparity  levels  in  the 
epitaxial  layers  was  observed.  Intentional  doping  of  InP  using  Sr.  followed  the  same 
behavior  as  that  of  unintentional  dopants  and  therefore  supports  the  use  of  Sn  for 
studies  regarding  the  reduction  of  unintentional  impurities.  In  contrast  to  Chevrier  et 
al.  [48]  no  dependence  of  impurity  uptake  on  total  flowrate  was  four.!. 

A  thermodynamic  analysis  comparing  the  GaAs  and  InP  chloride  systems  using  the 
stoichiometric  III- V  solid  as  the  Group  III  source  material  was  reported  by  Shaw  [50]. 
His  results  also  confirmed  GaCl,  /ls4.  InCl  and  P4  to  be  the  dominant  Group  III  and  V 
vapor  species  in  these  systems.  Further,  the  degree  of  supersatura;ion  in  the  deposi¬ 
tion  zone  was  calculated  to  be  less  for  InP  than  for  GaAs  under  analogous  conditions. 
Since  solid  III- V  source  materials  were  employed  etching  conditions  were  predicted 
whenever  the  deposition  zone  temperature  was  greater  than  that  of  the  source  zone. 

22  Impurities  in  GaAs  and  InP  Epitaxial  Films  Grown  by  the  Hydride  Process 

The  feasibility  of  the  hydride  CVD  system  for  the  growth  of  high  purity  GaAs  was 
demonstrated  by  Enstrom  and  Peterson  [18].  Since  the  hydride  system  consists  of  a 
hot-wall  quartz  reactor  with  the  elements  H,  Cl,  Ga  and  As  present  in  the  vapor  one 
would  expect  it  to  show  an  unintentional  impurity  incorporation  problem  similar  to 
that  of  the  chloride  system  Pogge  and  Kemlage  [35]  investigated  the  effects  of  HCl, 
AsHa  and  PHa  on  the  unintentional  doping  of  GaAs  and  GaP  grown  by  the  hydride  sys¬ 
tem.  They  found  that  the  free  carrier  concentration  decreased  with  increasing  HCl, 
AsHa  or  PHa  composition.  The  effect  of  HCl  was  less  than  that  of  the  Group  V  hydrides 
and  changes  in  PHa  showed  larger  effects  than  did  AsHa ■  They  concluded  that  the  HCl 
effect  on  the  vapor  phase  composition  was  similar  to  that  of  the  chloride  system. 
Further,  they  concluded  that  As4  and  P4  caused  blocking  of  the  ava..able  surface  sites 
on  the  substrate  surface  due  to  the  large  size  of  these  molecules.  The  unintentional 
dopant  was  assumed  to  be  Si  generated  from  reaction?  with  the  quartz  wall. 
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Kennedy,  Potter  and  Davies  [36]  investigated  the  effect  of  KCl  .met  composition  and 
.'-V  additions  of  HC1  downstream  of  the  source  zone  on  the  uninter.:. :nal  doping  of  GaAs 

grown  in  a  hydride  CVD  reactor.  They  found  that  increasing  the  HCl  inlet  composition 
(by  decreasing  the  //2  carrier  gas  flowrate)  greatly  reduced  the  free  carrier  density  in 
the  epitaxial  layer.  In  contrast  to  this  result,  however,  when  HZ1  was  added  down¬ 
stream  of  the  source  zone  the  free  carrier  density  was  found  to  ..-.crease.  This  led  to 
the  conclusion  that  the  equilibrium  model  as  proposed  by  DiLorer.zo  and  Moore  [23] 
for  the  chloride  system  was  not  applicable  to  the  hydride  system.  However,  the  HC1 
which  was  injected  may  not  have  been  as  pure  as  that  which  was  generated  from  the 
decomposition  of  AsCl3  in  the  chloride  system  and  therefore  may  have  introduced 
additional  impurities  into  the  epi-layer. 

The  problem  of  obtaining  sufficiently  pure  KC1  for  use  in  the  hydride  system  was 
addressed  by  Enstrom  and  Appert  [3?].  When  the  KCl  tank  was  cooled  in  dry  ice  and 
the  light"  impurities  were  bled  out  of  the  tank,  the  purity  of  eoitaxial  GaAs  layers 

qt 

"  •'  grown  with  this  KCl  was  found  to  increase  sigmficantly.  Using  photoluminescence 

measurements  they  found  C,  Be,  Zn  or  0,  Si,  Mn  and  Cu  in  epitaxial  GaAs  grown  with 
HC1  before  the  HCl  cylinder  was  cooled  and  bled.  Epitaxial  GaAs  layers  grown  after  the 
cooling  and  bleeding  procedure  displayed  essentially  unchanged  Zn  and  Si  concentra¬ 
tions  but  the  other  previously  found  impurities  were  undetectable 

The  work  of  Skromme  et  al.  [38]  identified  some  of  the  unintentional  donors  and 
acceptors  present  in  GaAs  and  InP  prepared  by  the  hydride  CVD  system.  They  found  C, 
Zn,  Cu  and  Mn  as  acceptors  and  Si,  S  and  Ge  as  donors  in  GaAs.  Epitaxial  InP  was 
found  to  contain  Zn,  C  or  Mg  and  an  unidentifiable  acceptor  along  with  Si  and  S  as 
donors.  Additionally,  in  one  of  the  laboratories  (Honeywell)  where  the  epi-layers  were 
grown  an  increase  in  the  impurity  concentration  in  epitaxial  GaAs  was  noted  as  the 
HCl  gas  cylinders  "aged".  This  effect,  however,  was  not  observed  at  the  other  (Han- 
y. '  scorn  AFB)  laboratory. 


The  effect  of  pressure  was  studied  experimental)  by  Putz  et  al.  [39]  from  1  kPa  to 
100  kPa.  They  found  that  the  unintentional  doping  of  GaAs  was  reduced  at  pressures 
below  100  kPa. 

Growth  of  InP  epitaxial  layers  using  the  hydride  system  has  been  demonstrated  by 
Olsen  [51]  and  Hyder  [52]  among  others.  Both  of  these  investigators  observed  unin¬ 
tentional  impurity  incorporation  similar  to  that  occurring  in  the  GaAs  system.  Hyder 
also  found  that  for  the  ternary  In^Ca  i-xAs  (x=0.53)  a  maximum  in  electron  mobility 
occurred  when  the  III/ V  ratio  in  the  vapor  phase  was  approximately  2  but  the  effect  of 
I1I/V  ratio  on  free  carrier  concentration  was  not  discussed.  Ztnkiewicz  et  al.  [53]  also 
studied  the  growth  of  InP  and  the  ternary  MzGn,_,.4s  in  the  hydride  system.  They 
found  Zn,  Cu  and  Hg  to  be  present  as  unintentional  donors. 

Anderson  [54]  studied  the  hydride  system  for  InP  growth  in  order  to  determine  the 
effect  of  HC1  mole  fraction,  Hz  flowrate  and  mixing  zone  temperature  on  unintentional 
impurity  incorporation.  He  found  that  these  parameters  caused  only  minor  changes 
in  the  electrical  characteristics  of  the  InP  epitaxial  layers.  This  suggests  that  the  InP 
hydride  system  may  perform  somewhat  differently  than  the  GaAs  hydride  system. 

Jones  [55]  performed  a  thermodynamic  analysis  of  the  InP  hydride  system  in  order 
to  understand  the  effect  of  process  parameters  on  unintentional  siucon  incorporation. 
The  calculations  predicted  that  decreasing  temperatures  lowered  the  silicon  activity 
in  the  epitaxial  layer.  Additionally,  the  silicon  activity  was  decreased  by  increasing 
the  PHa  and/or  HC1  inlet  composition.  Very  little  effect  was  noted  when  HC1  was  added 
downstream  of  the  source  zone.  His  analysis  used  liquid  In  as  the  Group  III  source 
material  and  showed  InCl  and  PA  to  be  the  dominant  Group  III  and  V  vapor  species. 

Bans  and  Ettenberg  [56]  coupled  a  mass  spectrometer  to  a  hydride  system  reactor 
used  for  the  growth  of  tn.xGaX-xP .  They  compared  measured  vapor  species  to  those 
predicted  by  a  thermodynamic  model  and  concluded  that  the  model  yielded  an 
acceptable  representation  of  the  system.  The  major  shortcomings  of  the  model  were 


an  overprediction  of  the  amount  of  InCl  generated  from  the  heterrgeneous  reaction  of 
HC1  and  In  liquid,  and  a  predicted  greater  degree  of  dissociaticr.  for  PH3  than  was 
measured.  Due  to  the  known  slow  decomposition  kinetics  of  PH-.  and  the  potential 
mass  transfer  and  kinetic  limitations  associated  with  heterogeneous  reactions  these 
discrepancies  were  not  surprising.  Their  mass  spectrometric  measurements  identified 
the  major  vapor  phase  species  as  being  InCl,  GaCl,  HCI,  PH3,  P2.  Pi  und  Hz. 

Usui  and  Watanabe  [57]  investigated  the  effects  of  temperature  and  oxygen  addi¬ 
tions  on  the  unintentional  doping  of  hydride  grown  InP.  Additions  of  02  in  the  1  ppm 
to  10  ppm  range  decreased  the  free  carrier  concentration  about  one  order  of  magni¬ 
tude  but  further  additions  caused  the  free  carrier  concentration  to  increase,  presum¬ 
ably  due  to  uptake  of  oxygen  by  the  epitaxial  layer.  The  liquid  In  source  that  was  used 
in  these  experiments  was  found  to  have  a  gettering  effect  on  impurities  in  the  inlet 
gases.  Unused  In  showed  less  than  1  ppm  levels  of  Si,  S,  Sn,  Te,  Z.o.  Fe  and  Cu  while  In 
exposed  to  the  CVD  environment  contained  increased  levels  (~  2  ppm)  of  Fe,  Cu  and 
Sn.  Increasing  the  source  zone  temperature  caused  a  decrease  m  the  free  carrier 
concentrations  in  InP  epi-layers  due  to  an  increased  ability  of  the  In  liquid  to  getter 
impurities  at  high  temperature.  Thus,  the  purity  of  source  gases  still  appears  to  be  a 
major  problem  in  the  hydride  system. 


3.  METHOD  OF  CALCULATION  FOR  COMPLEX  CHEMICAL  EQUILIBRIUM 


The  calculation  of  complex  chemical  equilibrium  in  multicomponent,  multiphase 
systems  has  been  reviewed  most  completely  by  Smith  [lj.  Essentially,  there  are  two 
statements  of  the  solution  to  this  problem.  Nonstoichiometric  methods,  such  as  the 
popular  Rand  algorithm  [2],  directly  minimize  the  Gibbs  energy  of  the  total  system  in 
order  to  obtain  a  solution  without  recourse  to  a  specific  set  of  formation  reaction 
equations.  Stoichiometric  methods  [3]  require  that  an  independent  set  of  chemical 
reactions  be  in  equilibrium.  Generally  a  formation  reaction  is  written  for  each  specie 
present  in  the  system  and  the  corresponding  equilibrium  constant  for  each  reaction  is 
generated  from  the  Gibbs  energy  change  of  the  reaction. 

An  extension  of  the  Rand  algorithm  to  include  not  only  a  gas  phase  with  an  inert 
specie,  but  also  a  multicomponent  solution  and  pure  condensed  phases  is  presented  in 
Appendix  A.  This  extension,  which  was  suggested  in  the  original  research  proposal  [4], 
was  initially  applied  to  the  hydride  and  chloride  CVD  systems  but  was  susceptible  to 
finding  local  minima.  In  particular,  component  mole  fractions  were  sought  as  low  as 
10~1Q.  The  contribution  to  the  system  Gibbs  energy  for  these  components  is  then 
quite  small  and  the  resulting  component  mole  changes  were  not  -apable  of  releasing 
the  Gibbs  energy  of  the  system  from  the  local  minima. 

A  stoichiometric  algorithm,  presented  in  Appendix  B,  was  therefore  developed  which 
was  superior  to  the  extended  Rand  algorithm  since  a  linearized  Gibbs  energy  function 
was  not  required  and  dilute  components  were  required  to  satisfy  equilibrium  reaction 
constraints.  The  stoichiometric  algorithm  performed  well  for  all  of  the  systems  stu¬ 
died  (comparison  to  standard  literature  calculations  and  independence  with  respect 
to  initial  guesses)  and  yielded  results  which  were  in  agreement  with  those  of  the 
extended  Rand  algorithm,  when  successfully  applied  (~  95^  of  tne  cases  examined). 
Also,  the  amount  of  computer  memory  required  for  the  stoichiometric  algorithm  was 
found  to  be  much  less  than  that  required  by  the  extended  Rand  algorithm  in  order  to 
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solve  identical  systems. 

The  input  data  which  was  required  in  order  to  perform  the  caic-.ations  consisted  of 
the  standard  enthaLpy  and  entropy  of  formation  and  heat  capa:  '.y  for  each  specie 
along  with  the  constraints  of  system  temperature,  pressure  and  in.rt  composition. 

Aside  from  numerical  difficulties,  there  are  two  major  factors  which  must  be  con¬ 
sidered  in  determining  the  overall  accuracy  of  the  calculated  equilibrium  composi¬ 
tions:  1)  the  choice  of  species  postulated  to  be  present  in  the  system  e.r.d  2)  the  accu¬ 
racy  of  the  thermodynamic  data  chosen  for  each  specie.  Choosing  an  appropriate  set 
of  species  which  accurately  represent  the  system  at  equilibrium  is  an  inherent 
difficulty  in  the  calculation  of  multicomponent  equilibrium.  A  true  calculation  of 
equilibrium  in  a  given  system  wrould  require  the  inclusion  of  any  chemical  specie  which 
may  be  formed  from  any  combination  of  the  elements  present  in  the  system.  The  com¬ 
pilation  of  such  a  complete  thermodynamic  data  base  can  represent  a  nearly  impossi¬ 
ble  task,  even  for  systems  consisting  of  only  a  few  elements. 

It  is  important  to  realize  that  anytime  a  possible  specie  is  not  .ncluded  in  the  data 
set  a  constrained  equilibrium  calculation  will  result.  This  is  most  easily  understood  if 
the  calculation  of  chemical  equilibrium  is  considered  from  the  viewpoint  of  the  Rand 
algorithm  In  the  Rand  algorithm  multicomponent  equilibrium  represents  the  optimal 
distribution  of  a  given  quantity  of  elements  among  a  set  of  chemical  species.  The 
optimizing  function  for  a  constant  pressure  system  is  the  minur_zation  of  the  total 
Gibbs  energy.  Therefore,  as  the  number  of  available  chemical  spc::es  is  decreased  the 
elements  are  constrained  to  reside  in  a  smaller  selection  of  molecules.  This  causes  a 
shift  in  the  calculated  compositions  in  order  to  satisfy  the  atom  balance  while  keeping 
the  Gibbs  energy  of  the  system  as  low  as  possible  !ri  general,  the  exclusion  of  a  specie 
will  impact  the  equilibrium  composition  of  the  remaining  species  containing  similar 
atoms  that  are  in  the  vicinity  or  below  the  equilibrium  compos. non  of  the  excluded 
specie. 
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The  procedure  for  developing  a  specie  list  first  excludes  thosr  »;r  ues  not  expected 
to  be  present  because  of  severe  kinetic  limitations.  In  prac'...e  '.his  specie  set  is 
developed  by  including  only  those  species  which  have  been  exp e  ".mentally  observed  in 
the  system  or  for  dilute  systems,  in  constrained  subsystems.  For  example,  mass  spec¬ 
troscopic  work  in  the  CVD  of  GaAs  has  indicated  approximately  1C  species  but  observa¬ 
tions  in  the  subsystem  Si-H-Cl  indicates  approximately  15  addit.rna.  species.  The  next 
step  consists  of  generating  an  initial  thermodynamic  data  base  for  all  species.  In 
practice  this  includes  the  sources:  thermodynamic  compilations,  deca  bases  of  other 


investigators  for  similar  systems  and  crude  estimates  for  the  remaining  species.  An 
initial  equilibrium  calculation  is  then  performed  at  the  extreme  conditions  and  those 
species  whose  composition  is  more  than  ~  three  orders  of  magnitude  in  mole  fraction 
below  the  range  of  interest  are  excluded.  Finally,  the  initial  thermodynamic  data  base 
is  fully  developed  by  reference  to  the  literature  and  the  performance  of  internal  con¬ 
sistency  tests. 

The  sensitivity  of  the  results  to  errors  in  the  thermodynamic  data  was  investigated 
by  Smith  [5]  in  terms  of  a  Jacobian  which  relates  the  changes  in  the  calculated  results 
to  changes  in  the  input  parameters.  The  first  order  approximation  to  the  result  was 

I**,  I  <  £  6tf\  (3.1) 

Here,  n*  is  the  number  of  moles  of  specie  i  present,  p.®  is  the  standard  chemical  poten¬ 
tial  of  specie  j  and  N  is  the  total  number  of  components.  This  expression,  while  simple 
in  form,  is  extremely  difficult  to  evaluate  due  to  the  complicated  and  implicit  nature  of 
the  function  r\(^)  for  all  values  of  i.  If  problems  seem  apparent  for  some  species  this 
function  can  be  numerically  evaluated.  The  work  of  Sirtl  and  Hunt  _5]  and  similar  cal¬ 
culations  performed  here  (Section  5)  showed  by  means  of  a  ; a.c ..lated  example  the 
effects  of  changes  in  the  enthalpy  of  formation  of  ?iHCl3  on  the  predicted  equilibrium 
ratio  of  SiCLx/  SiHCL3.  This  ratio  was  found  to  change  by  approx. mately  two  orders  of 
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magnitude  for  a  10”  change  in  enthalpy  of  forma'. on.  The  shape  '.he  curve  relating 
this  ratio  to  temperature  was  also  found  to  change  markedly  Therefore,  it  is 
extremely  important  to  critically  review  the  thermodynamic  data  set  in  order  to  per¬ 
form  meaningful  equilibrium  calculations.  The  absolute  composition  of  the  calculated 
solution  can  be  no  better  than  the  data  set  employed.  Extreme  care  must  also  be 
used  when  comparing  equilibrium  compositions  to  experimental  process  compositions 
as  the  latter  include  possible  kinetic  limitations.  However,  these  calculations  are  of 
great  value  in  predicting  directions  of  composition  change  or  function  process  con¬ 
straints,  particularly  at  the  high  temperatures  and  low  pressures  encountered  in  this 


study. 
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4.  THERMODYNAMIC  MODELS  OF  CVD 

4.1  Models  for  the  CVD  Source  and  Pre- Source  Zones 

The  CVD  system  is  naturally  segmented  on  the  basis  of  temperature  or  composition 
into  four  equilibrium  zones:  the  pre-source,  source,  mixing  and  deposition  regions. 
The  pre-source  zone  was  investigated  as  a  source  of  Si  by  considering  the  equilibrium 
gas  phase  Si-content  in  the  system:  SiOo(c)  in  excess,  carrier  gas  (H2  or  inert)  and 
vapor  reactant  (VH3,  VCl3  or  KC1).  As  the  activity  of  Si(e)  mor.otonically  increased 
with  increasing  temperature,  an  uniform  temperature  equal  to  the  source  zone  was 
used  for  a  '’worst"  case  calculation. 

For  the  chloride  process  two  different  Group  III  source  materials  are  generally 
employed  (IIIV(c)  and  III(l))  and  thus  required  two  separate  formulations  of  a  model. 
In  the  pre-source  zone,  there  is  no  "sink”  (i.e.  condensed  phase)  for  the  elements  in 
vapor  input  compounds  and  5 I02{c)  is  in  excess  while  the  source  zone  in  "both  situa¬ 
tions  also  had  Si02(c)  in  excess.  Thus,  the  equilibrium  activity  of  Si  is  independent  of 
the  pre-source  results.  For  the  III-V(c)  chloride  source  zone  the  model  considered  the 
inputs  9i02(c)  in  excess,  III-V(c)  in  excess,  carrier  gas  ( H2  or  inert)  and  VCl3(g)  as  a 
function  of  temperature,  pressure  and  input  vapor  composition. 

For  the  chloride  process  using  Group  Ill(l)  as  the  Group  111  source  material  the 
situation  is  somewhat  more  complicated.  Shaw  [7]  has  studied  this  source  zone  and 
found  that,  following  an  initial  transient,  a  constant  rate  of  mass  loss  of  material 
occurred.  An  overall  mass  balance  on  the  source  boat  yields  the  following  expression: 


d_ 

dt 


~  nc(Mm  +  My)  +  nl{xM[j]  +  (l -x)My)\  =  nv(yMm  +  (l -y)My)  =  constant  (4.1.1) 


while  a  Group  111  component  mass  balance  on  the  source  boat  produces  the  constraint: 


d_ 

dt 


jnGM[,i  +  n 1  xM/fi 


=  n'yMrjj 


(4.1.2) 
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In  these  expressions:  nc  and  nl  are  the  moles  of  solid  sour,  r  3a As  crust  and  of 
the  liquid  III- V  mixture,  respectively,  Mm  and  M.  are  the  molec-iar  weights  of  the 
Group  III  and  V  elements,  x  and  y  are  the  mole  fractions  of  the  Gro~p  III  element  in  the 
liquid  and  vapor  phase,  respectively,  and  n  v  is  the  molar  rate  at  which  vapor  species 
are  formed  on  an  atomic  basis.  If  it  is  assumed  that  the  solid  and  i.quid  phases  are  in 
equilibrium  the  liquid  phase  mole  fraction  is  a  function  of  temperature  only  and 
therefore  constant  for  a  given  process  condition.  Furthermore  .f  he  actual  kinetic 
processes  produce  a  steady  state  value  of  the  crust  thickness  trie  first  term  on  the 
left  side  of  both  equations  is  zero.  With  these  assumptions,  eq_ations  (4.1.1)  and 

(4.1.2)  can  be  solved  to  show  that  nv  =  ~~ —  and  x=y.  That  is.  the  rate  at  which  Group 

at 

III  and  V  atoms  are  introduced  into  the  vapor  phase  is  equal  to  the  rate  of  loss  for  the 
melt  and  the  vapor  composition  is  the  same  as  that  in  the  melt.  Another  way  of  view¬ 
ing  the  situation  is  to  consider  the  three  phase  equilibrium  problem.  The  activity  of 
the  Group  III  and  V  elements  in  the  solid  compound  can  vary  to  a  large  degree  though 
the  stoichiometry  (~  1:1)  can  be  very  small  and  therefore  the  surr.  of  these  two  activi¬ 
ties  is  nearly  constant.  The  large  amount  of  melt  in  equilibrium  with  the  solid  will, 
however,  fix  the  activity  of  each  element  in  the  solid,  with  the  Group  III  activity  being 
considerably  higher  than  the  Group  V  one,  which  in  turn  fixes  the  vapor  phase  fuga- 
city.  In  the  event  that  the  assumption  of  constant  crust  thickness  is  not  valid  the 
dns /  dt  terms  in  equations  (4.1.1)  and  (4.1.2)  must  be  retained  and  solution  results  in 


v  ,  ,  (2z-l)  dnc  (2z-l)  dnl 

n  =  constant  =  - -  ——  =  — - : - — 

2(x~y)  dt  2  y dt 


(4.1.3) 


The  limit  that  — —  =  0  implies  that  y  =  1/2  and  the  source  can  be  considered  to  be 

dt 

pure  solid  compound.  This  limit  is  simply  the  first  case  examined  (solid  compound 
source).  Thus  an  investigation  of  the  two  source  zones  described  r.ere  should  estab¬ 
lish  the  limits  of  operation  for  the  liquid  source  in  the  chloride  process.  In  practice, 


the  conditions  of  operation  may  lie  somewhere  in  between  with 


observed  III /V 


-Ho¬ 


ratio  providing  an  indicator  of  the  relative  rat--  owever,  if  x  is  a  constant  as  deter¬ 
mined  by  the  condition  of  solid-liquid  equilibrium  -nd  y  is  also  a  constant  as  witnessed 

rV t-~  •  d,Tl  “  I 

by  a  constant  growth  rate,  it  follows  that  both  — —  and  -  are  constant.  If  dnl /  dt 

dt  dt 

is  dependent  upon  the  crust  thickness,  nc ,  (i.e  a  diffusion  limited  process)  then  it  is 
impossible  for  dnl  /  dt  to  be  constant  for  a  fir  te  value  of  dnc /  dt ,  which  implies 
operation  at  one  of  the  limits. 

The  above  considerations  motivated  a  mode!  for  the  liquid  Group  III  source  zone  to 
consist  of  an  ideal  vapor  phase  in  equilibrium  with  excess  Si02(c)  and  !Ilz  Vx_z(l).  The 
gas  input  stream  contained  VCl 3  and  carrier  gas  .Hz  or  inert).  The  development  of  a 
thermodynamic  data  set  for  the  hypothetical  specie  lffz  Vx ~z(l)  is  presented  in  Section 
5.2.  Thus,  with  this  formulation,  the  compound  crust  does  not  contribute  elements  to 
the  system. 

Two  source  zones,  one  for  the  thermal  decomposition  of  the  Group  V  hydride  and 
one  for  volatilization  of  the  Group  111  liquid,  are  found  in  the  hydride  CVD  process.  The 
Group  V  source  zone  was  modeled  as  an  ideal  vapor  phase  in  equilibrium  with  excess 
9iOz(c).  The  input  gas  reactants  were  the  hydride  (VH3)  and  carrier  gas  (Hz  or  inert) 
at  a  constant  temperature  and  pressure.  The  Group  III  source  zone  included  excess 
pure  Group  III  liquid  in  equilibrium  with  excess  Fi02(c)  and  an  ideal  vapor  phase  (HC1 
plus  carrier  gas). 

4.2  Models  for  the  CVD  Mixing  and  Deposition  Zones 

Since  the  only  differences  between  the  chloride  and  hydride  systems  exist  in  the 
source  regions  the  mixing  and  deposition  zone  models  were  identical  in  both  systems. 
An  ideal  vapor  phase  in  equilibrium  with  excess  5?02(c)  was  used  for  the  mixing  zone 
model.  Formation  of  solid  III-V  compound  was  postulated  to  be  kinetically  hindered 
and  thus  assumed  not  to  exist  in  the  mixing  zone  As  a  result  it  was  possible  for  this 
region  to  be  supersaturated.  The  model  also  allowed  the  addition  of  various  species 
(i.e.  HCl,  H20 .  VCt 3 ,  VH3)  in  order  to  study  them  effects  on  silicon  activity.  The  gas 
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reactant  input  for  the  mixing  zone  was  identical  : o  that  calculate  b  from  the  equili¬ 
brium  source  zone(s).  Consistent  with  the  source  and  mixing  zone  models,  the  vapor 
phase  of  the  deposition  zone  was  assumed  to  behave  ideally.  Due  to  the  large 
volumetric  flowrate  of  gases  and  the  relatively  small  deposition  rates  in  these  CVD 
processes,  the  depletion  of  Group  III,  Group  V  and  silicon  species  in  the  vapor  phase  as 
a  result  of  film  deposition  or  wall  interaction  was  neglected.  The  equilibrium  mixing 
zone  gas  mixture  serves  as  the  input  to  the  deposition  zone.  Essentially,  the  above 
assumption  fixes  the  gas  phase  atom  numbers  and  tne  new  equilibrium  composition  is 
produced  as  a  result  of  a  temperature  change  only.  This  model  therefore  provides  an 
upper  bound  for  the  computed  value  of  the  Si  activity.  A  lower  temperature  would 
shift  the  wall  interactions  towards  SiOs(c)  formation  while  including  the  compound 
deposition  with  Si  incorporation  would  remove  Si  from  the  gas  phase.  In  addition,  this 
would  be  enhanced  by  chlorine  atom  production.  This  model,  therefore,  assumes  that 
the  epi-film  grows  from  a  supersaturated  vapor  mixture  of  pseudo-steady  state  pro¬ 
perties.  Furthermore  this  procedure  avoided  having  knowledge  of  the  silicon  activity 
coefficient.  In  order  to  implement  this  model  the  III- V  solid  phase  was  not  included  in 
the  deposition  zone,  thus  allowing  calculation  of  the  degree  of  supersaturation  in  this 


The  effect  of  not  accounting  for  depletion  of  the  Group  III  and  V  atoms  from  the 
vapor  phase  can  be  tested  by  the  following  simple  analysis.  The  molar  growth  rate  of 
an  epitaxial  layer  is  just 


9m  ~  9lPm  A 


(4.1.4) 


where: 


gm  =  molar  growth  rate  (moles/time) 
g j  =  linear  growth  rate  (length/time) 
p  —  compound  molar  density  (moles/lengtlv 
A  =  substrate  area  (length2) 
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A  typical  set  of  operating  parameters  for  a  hyc.de  CVD  process  would  specify  a 
total  volumetric  flowrate  of  500  SCCM  through  eac".  source  zone  having  an  inlet  com¬ 
position  of  1%  KCl  to  the  Group  III  source  zone  and  1  7  7/3  composition  to  the  Group  V 
source  zone.  Assuming  that  all  of  the  HC1  reacts  to  form  III -Cl  results  in 
3.7  jj.-m.Qles /  s  of  Group  III  atoms  transported.  The  molar  flowrate  of  Group  V  atoms 
would  also  be  3.7  fj.— moles/s.  Choosing  as  typica.  deposition  parameters  a  2.54  cm 
diameter  circular  substrate,  a  linear  growth  rate  o:  1  jim/  min  and  :he  molar  density 
of  GaAs  as  0.0367  moles /  cm3  [8]  the  resulting  mo.ar  growth  rate  is  0.31  jj.— moles /s. 
Thus,  in  the  worst  case  less  than  10%  of  the  III  and  Y  atoms  are  depleted.  The  smaller 
the  growth  rate  and  substrate  surface  area  or  the  larger  the  volumetric  flowrate  the 
better  the  approximation  becomes.  If  reaction  depletion  were  indeed  important, 
highly  non-uniform  film  thickness  would  be  generated.  However,  this  is  not  experi¬ 
mentally  observed.  Similar  analyses  applied  to  tne  GaAs  chloride  system  and  the 
analogous  InP  systems  yield  equivalent  results. 

The  activity  of  silicon  in  the  epi-layer  was  fur: her  studied  in  the  presence  and 
absence  of  the  Si02  reactor  wall.  Since  the  deposi:.on  zone  is  typically  operated  at  a 
lower  temperature  than  the  source  and  mixing  zones,  inclusion  of  the  reactor  wall 
would  be  expected  to  decrease  the  silicon  activity  as  some  of  the  silicon  in  the  vapor 
phase  is  redeposited  on  the  reactor  wall  via  reactions  with  H20 .  Neglecting  interac¬ 
tions  with  the  reactor  wall  in  the  deposition  zone  therefore,  provides  an  additional 
method  of  bounding  the  maximum  value  of  the  silicon  activity  in  the  epitaxial  layer. 
Justification  for  neglecting  the  reactor  wall  lies  ir.  the  heterogeneous  nature  of  the 
gas-wall  reaction.  Due  to  the  lower  temperature  of  the  deposition  zone  (~  873K)  it  is 
expected  that  this  heterogeneous  reaction  does  no:  equilibrate  as  rapidly  as  it  should 
in  the  source  and  mixing  zones  (~  973K).  This  expectation  arises  from  the  fact  that 
adsorption  reaction  rates  decrease  strongly,  a:.:  to  a  lesser  extent  molecular 
diffusivities,  with  decreasing  temperature.  Additionally,  the  mean  residence  time  is 
typically  much  smaller  in  the  deposition  zone.  Thuf  :he  reactor  wall  in  the  deposition 


-s  in  the  source  and 


zone  should  not.  interact  with  the  vapor  phase  strongly  is  it 

mixing  zones. 

In  order  to  carry  out  parametric  analyses  of  the  two  proces-es  '  base  cases”  were 
chosen  for  each  system  around  which  each  parameter  could  be  varied.  The  base  cases 
were  chosen  from  commonly  used  operating  parameters  reported  in  the  literature, 
shown  in  Tables  4.1  and  4.2,  thus  providing  results  which  may  be  compared  to  experi¬ 
mental  results.  The  chloride  system  base  case  parameters  were: 

Source  Zone  Temperature  =  Mixing  Zone  Temperature  :  973K 

Deposition  Zone  Temperature  :  873K 
Inlet  VCl3  Composition  :  1% 

Carrier  Gas  :  Hz 
System  Pressure  :  100  k?a 

For  the  hydride  system  the  following  base  case  was  chosen: 

Source  Zone  Temperature  =  Mixing  Zone  Temperature  :  973K 

Deposition  Zone  Temperature  :  873K 
Inlet  HCl  Concentration  =  Inlet  VH3  Concentration  :  1% 

Carrier  Gas  :  H 2 

Pressure  :  100  kPa 

Typically  the  source  zone  of  the  hydride  system  is  operated  at  a  higher  tempera¬ 
ture  than  that  of  the  chloride  system  in  order  to  augment  the  decomposition  of  VH3. 
Due  to  the  strong  influence  of  temperature  on  the  species  present  the  same  tempera¬ 
tures  were  used  in  both  systems  in  order  to  provide  direct  comparisons  between  the 
chloride  and  hydride  CVD  systems. 


rating  Parameters  for  the  GaAs  and  InP  Chloride 
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4.3  Solid  State  Defect  Chemistry 

The  model  developed  for  the  deposition  zone  specifies  that  rear '.ant  depletion  is  not 
important.  That  is  the  growing  compound  film  :s  exposed  to  a  vapor  phase  that  is 
invariant  with  respect  to  composition.  Therefore  the  vapor  phase  fugacity  of  Si  is  con¬ 
stant  and  the  compound  with  impurity  that  is  in  equilibrium  with  this  vapor  phase  also 
has  a  constant  value  of  Si  activity.  The  problem  thus  reduces  to  finding  the  Si  concen¬ 
tration  as  a  function  of  the  fixed  vapor  composition  and  temperature.  Necessary  for 
this  analysis  is  a  description  of  the  solid  state  composition  dependence  of  the  Si 
activity.  Presented  below  is  a  point  defect  model  which  relates  the  Si  concentration, 
[Si],  to  the  temperature  and  gas  phase  composition. 

Hurle  (67-70)  has  recently  proposed  a  model  for  native  defects  in  GaAs  and  for  Te, 
Sn  and  Ge  doped  GaAs.  Strong  evidence  is  presented  to  support  this  model  and  a  simi¬ 
lar  model  is  developed  here  to  include  Si  doped  11I-V  compounds.  The  general  model 
includes  the  presence  of  Frenkel  disorder  on  the  V  sub-lattice  ar.d  Schottky  disorder 
in  the  compound.  The  Si  can  reside  either  on  a  III  sub-lattice  site  (donor)  or  V  sub¬ 
lattice  site  (acceptor).  Furthermore,  Si  substituted  on  a  III  site  is  postulated  to  com¬ 
plex  with  both  a  Group  III  vacancy  and  Si  substituted  on  a  V  site.  For  convenience  of 
symbol  usage,  the  model  described  here  will  specify  the  compound  GaAs.  An  indepen¬ 
dent  set  of  native  defect  reactions  is  postulated  to  consist  of: 


As^ 

+  K  ~  •dsi  +  Va, 

(4.3.1) 

0  =  e~  +  h  + 

(4.3.2) 

As,  =  As,+  +  e  " 

(4.3.3) 

Va,  =  V&  +e- 

(4.3.4) 

%  Asz(g) 

+  Vi  =  As, 

(4.3.5) 

Vca  -  VCa  +  A  * 

(4.3.6) 

0  =  Va,  +  K* 

(4.3.7) 

Reaction  4.3.1  represents  Frenkel  disorder  on  the  As  sub-lattice  with  As  on  a  normal 
lattice  site,  As^,  moving  to  a  vacant  interstitial  site,  F, ,  to  produce  an  arsenic  intersti- 
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tial,  Ast .  and  a  vacant  arsenic  site,  V^.  Reaction  4.3.2  disp'i--  ■ electron,  e“,  hole, 
A  *4  generation  step  while  reactions  4.3.3,  4.3.4  and  4.3.6  descr::;  onization  of  Asit  V& 
and  a  gallium  vacancy,  V^.  Interaction  with  gas  phase  is  alio •  •  i  :‘:r  through  reaction 
4.3.5  while  4.3.7  entails  Schottky  disorder.  An  independent  se;  c:  ..ncorporation  reac¬ 
tions  considered  here  is: 


Si(g)  +  =  Si/a  +  e~  (4.3.8) 

9i(g)  +  Va*  =  SiA~  +  ^  (4.3.9) 

Sica  +  Vfr  =  Si  Co,  I7ca  +  h  +  (4.3.10) 

Si ca  4  SiAs  —  SiGa  SiAs  (4.3.11) 

The  amphoteric  nature  of  Si  in  GaAs  is  illustrated  in  reactions  4.3  3  and  4.3.9  while  the 
last  two  reactions  show  the  formation  of  the  two  complexes  mentioned  earlier.  Assum¬ 


ing  that  Boltzmann  statistics  are  applicable,  the  defects  are  suff.r.ently  dilute  so  that 
their  activities  are  equal  to  their  concentrations,  and  the  concentrations  of  As^,  Vi 
and  0  are  constant  and  normalized  to  unity,  the  following  equii.br. ;m  relations  can  be 
written: 


fCl  =  [-4s t  ][  Ras  ! 

(4.3.12) 

s* 

II 

£ 

(4.3.13) 

K 3  =  [4s/]n/[4st] 

(4.3.14) 

Ka  =  [V.l]n/[VAs] 

(4.3.15) 

Ks  =  [4Si]/  PASi 

(4.3.16) 

=  [VoJp/iVto] 

(4.3.17) 

$ 

ii 

? 

(4.3.18) 

^e=[^Ca]T'  1  ''sJaSi 

(4.3.19) 

=  [Site  ]p/[  :/l5]'A 

(4.3.20) 

^10  =  f  Sica  Vr^  Ip  /  [  1  te  ][  5b  2a  ] 

(4.3.21) 

K n  =  [  Si Qa  SiAs  ]/  [ SiAs  )[  Si A,  ' 

(4.3.22) 

In  addition  the  condition  of  charge  neutrality  requires  that: 

P  +  L Sic, a }  +  [.4s/ 1  +  [  k/s  ]  =  n  +  [  l'4a  1  -t-  [ >7 ,1s  ]  -  '  Si V,Ja  1 


(4.3.23) 
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In  these  equations  h\  through  An  are  equilibrium  constants  and  a  function  of  tem¬ 
perature  only.  It  is  seen  that  equations  4.3.12  through  4.3.25  contain  15  variables. 
The  problem  considered  here  is  to  determine  the  12  defect  concentrations  from  the  11 
equilibrium  relationships  and  the  electroneutrahty  condition  given  the  external 
parameters  T,  PASi  and  a^.  An  analytical  solution  to  these  equations  is  possible  with 
the  results  summarized  below. 


I >*]  =  KsP&a  (4.3.24) 

[Vas]  =  {Kl/K5)Pli  (4.3.25) 

[ VGa]  =  (K7K5/  Ki)P\ (4.3.26) 
[AsS]  =  K3K5P&2  n  1  (4.3.27) 

[K£]  =  {K\K*/  K5)PAfz  n-1  (4.3.28) 

[Vg*]  =  ( K5KgK7 /  K,KZ)P\ n  (4.3.29) 

P  =  Kz  n~l  (4.3.30) 

[9ica]  =  (K3K7Ke/ Kx)Pl2  0*71-'  (4.3.31) 

[Si*]  =  (KXKZ/  KzKjPj*  <*sin  (4.3.32) 

[Si*  Ksa  1  =  {KiKeK?KgKl0/  K\K\  )PASz  usn  (4.3.33) 

[Si*  Si*]  =  (K7KBK9KU/ Kz)a&  (4.3.34) 


and  the  concentration  of  electrons  by 

Kz+KaKsP&t  +  (/fj/f,/  /r5)P4  +  {K5K7Kb/  KdP&pn  f 

I  +  (K5KeK7/  KxKz)Plz  +  {K.Kg/  K2Ks)Pjj*aA  +  (K'iK6K?KsKry  K?K$)PAsa^~ 

(4.3.35) 

Thus  the  total  equilibrium  concentration  of  Si  in  the  solid  compound  can  be  deter¬ 
mined  as  a  function  of  the  gas  phase  composition  and  system  temperature.  It  is  seen 
to  be  a  very  complex  function  of  the  arsenic  partial  pressure  and  silicon  activity. 

Somewhat  simpler  expressions  can  be  proposed  under  the  conditions  of  light  dop¬ 


ing  that  are  of  interest  here.  At  the  temperature  of  growth  the  material  may  be  con¬ 
sidered  to  be  intrinsic  (i.e.  the  presence  of  Si  in  small  concentrations  does  not  contri- 


bute  significantly  to  the  tot  a  l  iom/>  i  <  ••  »t  1 1 »  n*.  -  i  *  •  f  •  -  <  - 1.  -In.  "are).  Furthermore, 

the  analysis  of  Hurle  suggests  that  for  tiaAs  t  h«>  :  rant  lum/ru  native  defects  under 
VPC  conditions  are  e  '  and  l^.  Under  thes>'  as-  .  m:  '  j n-  the  >-!•.■ .  '.roneutrality  condi¬ 
tions  reduces  to: 


n  -  [  F./s  (4.3.36) 

and  the  value  of  n  at  growth  temperature  can  b-  ~r  ■  n  to  be 

n  =  (AW  Ktr  V* 

With  this  value  for  n  equations  4.3.24  to  4.3.34  r  m  en  valid  for  t 
tions.  With  these  assumptions  the  total  Si  concentration  is 

2  [5i]  =  [S^]  +  [Si^s]  +  [Sica  V&]  +  2  [Sic  S'-js  ]  =  (a  PA~S\  +  b  P}^) a*  +  c  a| 

(4.3.38) 

where: 

a  =  (Kx/  K5)3/2(K9/  Kz)K$ 
b  =  <K5/  Kx)3/z  K^K7Ks[1  +  (K,K6K7K]C/ K I  )] 
c  =  K7KBK9Kn/ Kz 

At  room  temperature  the  intrinsic  defects  become  negligible  when  compared  to  typical 
unintentional  doping  leveLs  examined  here  (~  LO4/  cm3).  The  room  temperature  com¬ 
pensation  ratio  then  becomes 


(4.3.37) 
re  defect  concentra- 


Nd_  = _ [9i&  ]  =  W 

Na  [Si;s }  +  [Sica  Vq,  J  g  +  h  Pi' 3 


(4.3.39) 


where 

g  =  {Kx/  K,)3  K4K9/(K2K7Ka) 
h  =  K4K6K7Kl0/  K\ 

This  relationship  indicates  that  the  room  temp  ra‘ are  compensation  ratio  does  not 
depend  on  the  a &  and  if  the  [  .SY,  ]  >  [ Sira  F,;a  ]  then 


\d/Na  x  Pa's  1  or  th e  reverse  is 
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true  then  there  should  be  no  Pas,  dependence  f.r  Xq /  NA ■  Since  the  observed  com¬ 
pensation  ratio  for  LPE  and  VPE  material  is  nearly  tne  same,  though  P^a  varies  by 
nearly  two  orders  of  magnitude,  it  is  suggested  that  the  dominant  acceptor  is  Sica  V'ca- 
For  the  intentional  doping  of  both  GaAs  and  InP  w-.th  Si  in  the  light  doping  region  it  is 
found  that  the  free  carrier  concentration,  Nq ~Na  .  is  directly  proportional  to  the  total 
ionized  impurity  concentration.  Therefore  in  this  region  of  doping  the 
should  not  be  important  and  the  last  term  in  equation  4. 3. 33  is  negligible.  In  this 
simplified  version  of  the  defect  chemistry  associated  with  Si  incorporation  the  total 
[Si]  is 


£  [«]  -  [9i& \  +  E-^Ca  Vq>]  =  b  Pi'*  as,  (4.3.40) 


Thus,  the  concentration  of  Si  in  the  compound  semiconductor  should  increase  with 
both  the  external  As2  partial  pressure  and  silicon  activity. 


In  order  to  complete  the  thermodynamic  model,  a  means  of  relating  the  external 
gas  phase  variables  introduced  above  ( PAs g  and  a=,)  must  be  related  to  the  supersa¬ 
turated  external  gas  phase  composition  calculated  in  the  deposition  zone.  The  model 
stipulates  a  growing  solid  surface  in  eq"  librium  with  the  vapor  just  above  it.  The  Ga 
partial  pressure  is  determined  from  the  equilibrium  reaction 


GaAs(c)  =  Ga(g)  +  j  .Asz(g)  (4.3.41) 

with  the  relation 

Pha  =  *41  PSA?t  (4.3.42) 

Of  course  all  of  the  other  species  originally  postulated  exist  above  the  vapor  as  deter¬ 
mined  from  equilibrium  relationships,  The  solid-ga.s  interface  is  next  assumed  to  be 
separated  from  the  equilibrium  deposition  zone  g  is  phase  (supersaturated)  by  a  mass 
transfer  barrier.  In  the  steady  state,  the  flux  o'  molecules  is  constant  across  the 
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barrier  with  the  atomic  flux  of  As  equal  to  the  Ga  flux  as  required  by  stoichiometry.  In 
addition  the  flux  of  Cl,  H  and  0  atoms  is  zero  since  there  is  no  net  incorporation  of 
these  atoms  into  the  growing  film.  The  flux  of  a  specie  i  is  assumed  to  be  given  by 


Ji  =  K{P°  -  F?'  (4.3.43) 

where  P°  and  P£  is  the  partial  pressure  of  specie  :,  in  the  equilibrium  bulk  gas  phase 
and  at  the  surface,  respectively.  The  proportionality  constant  is  furthermore 
assumed  to  be  the  same  for  all  species  (e.g.  for  diffusion  limited  mass  transfer 
K  —  —Di/RT&,  where  Di  is  the  diffusion  coefficient  of  specie  i  and  <5  is  the  diffusion 
boundary  layer  thickness).  With  this  assumption  the  following  relations  hold 


£  P°Ca  species  £  P As  species 
£  P&  species  ~  £  Pfx  species 
£  Pfi  species  ~  £  Pfi  species 
£  P$  species  ~  £  P’0  species 


(4.3.44) 

(4.3.45) 

(4.3.46) 

(4.3.47) 


In  addition,  the  temperature  and  pressure  are  specified  and  all  the  equilibrium  rela¬ 
tionships  solved  for  the  gas  phase  deposition  zone  are  also  valid  at  the  surface 
(involves  al  the  Pf  variables).  However,  an  additional  rmxture  phase  has  been  included 
(the  Si-GaAs  defect  solid  solution)  which  is  in  equilibrium  with  the  surface  gas  phase, 
with  equation  4.3.42  now  also  valid  and  independent.  Finally,  the  flux  of  Si  atoms  must 
be  equal  to  the  solid  incorporation  rate  by 


[£  P^i  species  £  P. SI  spaciesj  £  ]  -  £  Poa  species  £  species  (4.3.48) 

Given  T,  P,  K9q{T)  and  all  P°,  the  equations  4.3.40,  4.3.42,  4.3.44-43,  and  the  gas  phase 
equilibrium  relations  can  be  solved  for  the  total  concentration  of  Si  atoms  in  the  solid. 


The  above  procedure  was  not  performed  here  for  the  following  reasons.  The  solu¬ 
tion  to  these  equations  is  extremely  difficult  due  to  their  non-linear  behavior.  Also  the 
distribution  coefficient  of  Si  (amount  in  solid/  amount  in  gas)  is  much  less  than  unity 


bulk  a$i-  Since  the 


and  thus  the  surface  of*  should  not  be  much  different  than  the 
solid  represents  a  "sink”  for  equal  amounts  of  Ga  and  As  atoms  the  will  neces¬ 

sarily  decrease  at  the  substrate  surface.  The  amount  by  which  will  differ  from  the 
bulk  value,  P%,z.  depends  upon  the  111/ V  ratio  and  the  supersaturation  ratio. 

In  summary,  the  total  concentration  of  Si  in  the  growing  compound  can  be  seen  to 
increase  with  a &  found  in  the  vapor  phase  and  with  the  partial  pressures  of  the  Group 
V  species.  Because  of  a  lack  of  knowledge  of  the  defect  reaction  equilibrium  constants 
the  quantification  of  this  dependence  is  not  possible.  However,  the  results  of  this 
parametric  analysis  should  provide  correct  directions  of  change  in  Si  content  for 
changes  in  operating  conditions. 
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5.  thermochemical  properties 

5.1  Introduction 

Summarized  in  this  section  are  the  thermochemical  properties  used  for  the  com¬ 
plex  chemical  equilibrium  analysis.  The  proper  selection  of  a  consistent  data  set  is  of 
extreme  importance  as  a  small  error  in  a  property  value  can  greatly  influence  the 
eventual  calculated  equilibrium  composition.  That  this  sensitivity  can  be  important  is 
nicely  illustrated  in  the  Si-Cl-H  sub-system  a?  di-cussed  later.  Essentially,  what  is 
required  for  these  calculations  is  a  means  of  specifying  the  partial  molar  Gibbs  energy 
of  each  specie  believed  to  be  present  as  a  function  of  temperature,  pressure  and  com¬ 
position.  Approximately  150  species  were  initially  examined  while  only  those  species 
that  would  be  present  at  a  mole  fraction  >  10~u  were  included  in  the  analysis.  The 
scheme  of  representing  the  data  was  to  fix  the  zero  enthalpy  scale  at  298K  and  1  atm 
with  the  pure  components  (standard  states)  Ga(c).  As(e),  ln(c),  white  P(c),  Hz{g).  Si(c), 
Clz (g)  and  Oz(g  )•  The  enthalpy  of  forming  the  remaining  components  at  the  standard 
conditions  from  the  reference  components  was  determined.  In  addition,  the  absolute 
entropy  at  the  standard  conditions  for  each  specie  was  selected  which  allows  a  calcu¬ 
lation  of  the  standard  Gibbs  energy  change  for  all  possible  reactions  at  298K  ad  1  atm. 
Finally,  knowledge  of  the  constant  pressure  heat  capacity  and  assuming  ideal  gas 
behavior  allows  the  Gibbs  energy  to  be  determined  at  any  temperature  and  pressure. 
The  gas  phase  was  assumed  to  be  a  solution  of  ideal  gases  as  is  justified  by  the  low 
pressure  and  high  temperatures  investigated.  As  a  result  of  this  simplification  the 
pressure  and  composition  dependence  of  the  partial  molar  Gibbs  energy  is  explicit  in 
both  formulations  of  the  solution  procedure.  For  the  condensed  solutions  the  pres¬ 
sure  dependency  of  the  thermochemical  properties  w-as  neglected,  however  the 
moderate  deviations  from  ideal  behavior  in  trie  composition  dependence  was 
accounted  for  and  represents  one  of  the  sign  fir  -nt  refinements  contained  in  these 
calculations.  As  must  be  the  case,  this  data  base  is  sufficient  for  achieving  a  sohithm 
vdth  either  the  stoichiometric  or  non-stoichio::  *  algori'hms. 


ith  the  standard 


Thus  three  pieces  of  information  were  requir-  :  h  sp.- 

enthalpy  of  formation  being  the  most  critical,  pa-:  iarly  at  the  •.  er  temperatures 

It  is  for  this  quantity  that  the  most  uncertainty  .  x  e  -  in  the  re;  ed  values.  On  the 
other  hand,  the  standard  entropy  is  generally  qu ::.e  curately  k:.:wn,  either  from  low 
temperature  heat  capacity  measurements  or  spectroscopic  stui.es.  The  high  tem¬ 
perature  heat  capacities  were  sometimes  estimate d.  cut  there  ex.s:s  a  partial  cancel¬ 
lation  of  its  effect  when  calculating  Gibbs  energy  c:...nges.  Press:: : cd  below  is  a  dis¬ 
cussion  of  the  properties  selected.  It  is  noted  :ha:  in  many  ms' cnees  the  thermo- 
chemical  data  presented  in  the  JANAF  (29-31)  tables  were  used  end  is  discussed  in 
these  tables,  therefore  precluding  a  discussion  here  A  summary  c:  '.he  selected  ther¬ 
mochemical  properties  is  presented  in  Table  5.1.  In  order  that  the  stability  of  various 
species  might  easily  be  compared,  the  standard  molar  Gibbs  energy  of  formation  is 
listed  at  various  temperatures  in  Table  5.2. 

5.2  Pseudo-Steady  State  Constraint  for  Liquid  Source  Boat 

It  has  been  observed  that  during  VPE  of  GaAs  and  InP  with  a  l.cuid  source  boat  of 
pure  Group  III  metal  in  the  chloride  process  an  initial  transient  period  exists  in  which 
the  composition  of  the  gas  stream  leaving  the  source  region  is  a  function  of  time.  Ini¬ 
tially,  the  pure  metal  boat  is  dissolving  the  Group  V  atom  thus  producing  an  excess  of 
Group  III  chloride.  As  the  metal  becomes  saturated  .-.ith  the  Gro  :p  V  element  a  thin 
crust  of  the  compound  is  formed  at  the  top  surface  since  the  dens::;.'  of  the  compound 
is  less  than  that  of  the  saturated  liquid.  It  is  observed  that  true  crust  thickness 
reaches  a  steady  state  value  and  therefore,  from  a  simple  mass  balance,  the  vapor 
phase  will  contain  all  of  the  Group  V  atom  in  the  input  stream  plus  the  amount  of 
Group  V  atom  generated  from  the  saturated  liquid  due  to  reaction  of  chlorine  with 
the  Group  III  atom).  The  exact  amount  of  Group  V  i  .ement  produced  from  the  source 
boat  is  therefore  a  function  of  the  temperature  L  .  the  equlhbr.um  Group  V  mole 
fraction  in  the  liquid  is  a  function  of  temperature  and  the  amount  of  Group  III  atom 
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Specie 

AW?  ,898  K 

kcal  moi-1 

Ref. 

•7898 

cal  mol  “'/O'*  , 

! 

As(c) 

0 

8.53=0.1 

As(g) 

68.7*1.0 

1 

41.611=0.1 

As  2{g ) 

45.95*10.0 

•  • 

57  546=0.1 

As3(sr) 

52.2=1.0 

1 

74  121=0.1 

As4(?) 

37.5=0.6 

76  ?32±0. 1 

AsCl(g) 

27t3 

48 

66.24=2.0 

4saa(ff) 

14.5=4 

48 

72.04  =  2 

AsCI3(g) 

-62.7t4.0 

♦  ♦ 

77.97*2.0 

As.H(g) 

58=12 

M 

51=3 

AsH3(g) 

16=2 

14-16 

52 

53.22=0.8 

Cl(g) 

28.992=0.002 

82 

39.454=0.005 

Clzis ) 

0 

- 

53.29=0.01 

Ga(c) 

0 

- 

9.758±0.05 

Ga(g) 

65.0=0.05 

1 

40.375=0  05 

GaC.tg) 

-17.0=5 

.. 

57.36  =  1.0 

GaClzig) 

59.2=5 

41 

72.09=1.5 

CaCl3{g) 

-107.3=3 

53,54 

79.93±2.0 

Go2Ct6(g) 

-235.6=10 

M 

127.9=6.0 

H(g) 

52.103=0.001 

82 

27,391=0.004 

Hz(g) 

o 

31.207=0.008 

HCl(g) 

-22.063=0.03 

82 

44.643*0  008 

HzO[g) 

— 57.795±0.01 

82 

45.106=0.01 

tn(c) 

0 

13.82=0.2 

In(g) 

57.3=1.0 

•  « 

41.507=0.2 

InC:(g) 

-16.6  =  1.0 

•  # 

59  26=0.8 

j 

fnClz{g) 

— 58.4±1 .0 

80 

73.4  =  1.0  I 

tnCl3(g) 

-89.4±4 

14 

83.8  =  1.0 

Mza9(g) 

208.5=10 

60 

129.7=2,0 

0(g) 

59.553=0.2 

82 

36  467=0  005 

Oz\g) 

0 

4  9. 005=0  fOO  8 

Form*  Ref. 


cal  m:l  '‘K  1 
6x10"’  .  c  xlQ-6 


j.  1  ou4 


13  630  j  -0.1365  -C.5589 

16  516  1  -0.1756  -1  !  :?B 

; 

8.678  j  0.0753  .  -C  3615 
13  79  '  0.06566  ‘  -0  3524 


19.76 

0.0726 

- 1  5756 

6-1 

10  07 

l 

1.432  '  0  103 

5.42  |  -2  20 

5.779 

-0.4083 

-0  337 

8  H 

0.208 

-0  57 

6  40 

! 

30  128 

2.09 

-2  652 

j 

8.025 

1.021 

-0.3949 

13  84 

5.10 

-0  3544 

19.74 

0.0744 

-1  590 

d 


-0.1967 


2  44 

o 

f- 

■o 

o 

0  5682 

6.04 

- 

- 

4  4  26 

1 

-1  689x10  -® 

- 

-0  209 

- 

0  Or. Id 

C  86-14 

-- 

1  7 

3.4 

.. 

0.061 

C  1668 

-0,0899 

-1  15 

0  8877 

2.504 

Table  5.1  Continued 


fecal  mol 


cal  mol  ~lK 


cal  mol  1 K  1 


fcxlO'3  c  xlO'6 


P(c), while 

0 

9 ,82r0.02 

P(g) 

7o.62r0.25 

i 

38.98* **0.02 

Piti) 

34.34*0  9 

i 

52. 1 1  rO.  1 

P*(9 ) 

I2.58r2 

i 

66.69r0. 1 

PCl(g) 

31  Or?  0 

29 

55.8  r  1 .0 

PCl3(g) 

. 

; 

-68.67-1  4 

1 

29 

7  1.47  rO.  1 

PCl5(g) 

-95.5r2 

49 

83.5*1.0 

PH(g)  J 

56.2r8 

29 

46.9=2.0 

PHzti) 

25.9r20 

29 

50.8  r2.0 

PH3(g) 

1.3r0.4 

81 

50.24  =  1.0 

PO(g)  1 

—5. Or  1  5 

30 

1 

53. 218*0.005 

1 

Si(c)  ! 

0 

-- 

1  4.486*0.02 

SKg) 

108r  1 .0 

40. 123*0.003 

SiCl(g) 

47.4r0.6 

93 

! 

56.82x0-04 

SiClz(g ) 

—40.4*0.6 

*♦ 

,  67.36*1.0 

SiClJs)  j 

-93.3r0  6 

93 

t 

|  76.17*1.5 

aa4(») 

-1  68.4  r0.3 

30 

79. 07*0. 05 

SiH(g) 

90.0r2  0 

29 

j  47  306*0.05 

SW/4(») 

8.2=0  8 

29 

48.89*0.01 

| 

SiHCl3(g) 

-1  19. Or  1.0 

74.924*2.0 

SiHzCls(g)  | 

-75.5  =  2  0 

97 

68.531*2.0 

—32.7  =  2  5 

97 

59.9*2.0 

SiO(g) 

— 24r2 

29 

50.54*1.0 

5tOz(c ) 

-217. 7r0  2 

1  82 

9.91*0.05 

SiOz(g) 

-73r8 

29 

54.7*1.0 

siza& 

-236 r8 

86 

101.0*3.0 

1 7. 1  r3 

!  99 

70*5 

CaAs(c) 

— 1 9.52  r  1  0 

32 

1  5  34  *0  1 

Inp(c) 

-14.  Or  10 

32 

1  4  28*0.1 

8  5518 

0.6036 

-- 

0  5744 

-0.2974 

- 

-0  0561 

-0.4304 

0.2216 

-C  6038 

-1.767 

0  8773 

12.0 

- 

- 

1 432  ; 

0.108 

- 

6.337 

.. 

-1  506x10 

14.97 

- 

-4.388x10 

-1.256 

0.7156 

2.173 

0.6811 

-1.056 

.. 

5.3.529 

-6.471 

31.588 

14.366 


4  4864 


-1 1 .05x1  O' 


298< .<910 


*  Form  1:  Cf(T/  Kj  =  a  +  67‘  +  c  /  T1  +  dlnT 
Form  2;  C„  (77  Kj  =  a  +  bT  +  c  72  +  d  f3 

**  See  text 


Table  5.2  The  Molar  Gibbs  hnergy  of  Formation  of  Various  Species 

(kcal  mol'1) 


Tempera: 

ure  (K) 

Specie 

273.2 

873.2 

973.2 

1073.2 

.  .  _  .  _ 

1273.2 

As{g) 

59.657 

33.009 

34.140 

30.220 

'5  -53 

22.244 

As  2(g) 

34.880  ! 

7.467 

2.436 

-2.686  : 

-~  591 

-13.172 

As3(g  ) 

38.926 

4.566 

-1.934 

-8.536  ! 

-1  -  : 76 

-22.294 

As^ig) 

25.429 

-7.959 

-14.549 

-21.342  ' 

-25  519 

-35.465 

AsCl(g) 

19.204 

-2.576 

-6.669 

-10.854  j 

-Ir  121 

-19.465 

Asa2(g) 

11.694 

0.735 

-1.807 

-4.491 

504 

-10.235 

AsCl3(g) 

-59.852 

-60.353 

-61.496 

-62.806 

-54  500 

-65.962 

AsK(g) 

50.652 

31.956 

29.431 

24.866 

^  '  i  J  7 

17.479 

AsH3{g ) 

16.570 

13.767 

12.613 

1  1.305 

■■  -49 

8.255 

Cl(g) 

25.437 

15.858 

13.970 

12.026 

1 ;  :  33 

7.995 

ci2(g) 

-0.009 

-3.088 

-4.06  1 

-5.126 

4  75 

-7.501 

Ga(g) 

56.629  ( 

35.966 

32.200 

29.376 

8-  :  00 

20.578 

GaCL(g) 

-22.735  , 

-33.459 

-41.543 

-44.719  ^ 

-4"  579 

-51.314 

GaClz(g ) 

-61.684 

-71.946 

-74.373 

-76.943 

541 

-82.457 

GaCl3{g ) 

-104.652  j 

-105.596 

-106.769 

-  103.145 

- 1 5  ■  ~  03 

-111.430 

Ga.zCl6{g ) 

-221.574  ! 

-205.303 

-204.797 

-204.734 

-2:5.572 

-205.779 

H(g) 

48.877 

40.006 

38.266 

36.474 

34  537 

32.757 

H2(g) 

-0.007 

-2.534 

-3.326 

-4.192 

-5.125 

-6.122 

HCl(g) 

-22.725 

-26.697 

-27.736 

-23.853 

-33541 

-31.295 

HMg) 

-54.907 

-51.561 

-51.471 

-51.482 

-51  537 

-51.779 

hi(g) 

49.731 

31.230 

27.346 

24.397 

2  5  533 

17.324 

InCl(g) 

-21.942 

-36.010 

-38.793 

-41.666  | 

-44.520 

-47.649 

FnCLzig) 

-60.132 

-68.743 

-70.895 

-73.189  . 

-~5  512 

-78.153 

fnCl3(g) 

-86.700 

-87.525 

-88.639 

-90.016  J 

-91  547 

-93.249 

fnzCle(g) 

-195.220 

-181.003 

-180.857 

-131.156 

-151  563 

-138.945 

0(g) 

55.732 

45.999 

43.528 

41.505 

3.9  436 

37.324 

02(g) 

-0.003 

-2.662 

-3.513 

-4.450  j 

-  5.455 

-6.553 

0K(g) 

8.453 

3.622 

2.443 

1.198  ; 

-5  136 

-1.524 

P(g) 

67.648  , 

48.353 

44.87b 

41.349  j 

3~’73 

34.156 

P2(g) 

25.463 

4.172 

0.257 

-3.743  j 

-~  521 

-11.972 

P*(g) 

5.020 

-17.964 

-22.730 

-27.796 

- -  2  394 

-38.361 

PCt(g) 

25.436 

10.119 

7.102 

3.994  ' 

5  502 

-2.467 

PCl3{g) 

-64.512 

-61.973 

-62.552 

-63.332 

-'96 

-65.427 

PCl5(g ) 

-79.260 

-53.933 

-51.421 

-49.220 

-4  ~  ;5B 

-45.815 

PH(g) 

50.325 

34.862 

31.897 

23.851 

2  5  '31 

22.542 

PHzig ) 

23.221 

14.083 

12.041 

9.880  , 

~  -511 

5.243 

PH3{g ) 

3.036 

3.023 

2.360 

1.536 

3  555 

-0.544 

-10.671 

-24.850 

-27.644 

-30.526 

-25  490 

-36.527 

Table  5.2  Continued 


273.2 


873.2 


Temper 
973. 


Si(g) 

98.258 

75.0  12 

70.872 

65.679 

SiCI(g) 

40.373 

21.794 

18.231 

14.576 

9iCl-Ay) 

-42.931  | 

-53.383 

-55.830 

-58.41 9 

BiCl3(g ) 

-91.064 

-92.699 

-93.970 

-95.442 

Sici*(g) 

-149.682 

-138.946 

-133.446 

-1  38.207 

SiH(g) 

82.557 

63.612 

60.058 

55.42 1 

suUg) 

13.109  1 

19.151 

19.295 

19.234 

BiHCl3(g) 

-1  12.662 

-104.996 

-101.889 

-•  05.028 

j  SiH-idzig) 

-69.928 

-64.060 

-64.142 

-64. 157 

1  SiHiCKg  ) 

-27.784 

-22.474 

-22.546 

-'4.535 

SiO(g) 

-29.896 

-45.574 

-43.61  1 

-51.735 

i  BiOz(g  ) 

-73.342 

-78.331 

-79.840 

-81.493 

Si2a6(g) 

-217.500 

-190.437 

- 183.052 

- 1  86. 103 

Si  2  H  ^g) 

25.991  | 

39.324 

40.364 

41. 106 

As(c) 

-0.006 

-2.228 

-2.935 

-3.714 

Ga(c) 

-0.007  ‘ 

-2.324 

-3.047 

-3. 836 

GaAs(c) 

-18.727  ! 

-21.207 

-22.269 

23.467 

ln(c) 

-0.007 

-2.665 

-3.561  | 

-4.565 

lnP(c) 

-11.455  : 

-10.040 

-10.433  ; 

-10.950 

P(c), white 

-0.006  ! 

-2.070 

-2.714  | 

-3.416 

Si(c) 

-0.005 

-1.969  ' 

-2.605  ; 

-3.307 

-205.805 

-184.503 

-181.795 

7.9.288 

!  !i)| 

b  £ 

440 

i; 

42  5 

b  1 

1  25 

9^ 

;  27 

1273.2 


58.157 


-63.971 
-98.919 
138.420 
48.924 
18.544 
105.963 
-65.713 
-24.01 1 
-58.218 
-85.181 
183.362 
41.751 


26.230 


12.317 


174.844 


leaving  depends  on  the  form  in  which  it  leaves  (e.g  1 1 1 C  i ,  lffCl3.  III.  eve.))  and  the  flow 
rate  (i.e.  mass  transfer  efficiency).  The  mechanism  by  which  the  Gr:_p  III  and  V  atoms 


reach  the  gas/solid  interface  is  not  known  but  is  net  required  for  t 
model  presented  here  as  mass  transfer  barriers  (e.g  the  crust)  are 
present.  All  that  is  required  is  to  assume  a  new'  sp.-cies  exists  h?.v. 
equivalent  to  the  saturated  liquid  composition. 


he  thermodynamic 
assumed  not  to  be 
r.  g  a  stoichiometry 


The  thermodynamic  properties  of  the  hypothetical  liquid  specie.  AlxBz(l),  can  be 
estimated  in  the  following  manner.  Letting  A  represent  the  Group  hi  atom  and  B  the 
Group  V  atom,  consider  the  reaction  sequence: 


(1-x)  4(c)  =  (l-x)  Ml ) 
x  B{'.: )  =  x  B{1 ) 

(1  -x)A(l)  +  xB(l )  =  .4,  XBZ  L) 

.mi  .it  t  h ■  -  s  v  iri "  t  ■  • .  p‘ v  3  u:  v,  T.  Sun.  c 


(5.2.1) 

(5.2.2) 

(5.2.3) 

ire  state,  the 


Gibbs  energy  el  •.  ng-.--  for  re  i-  tons  (5  2  1 '  and  (5  -  2 '  re  the  Git  -  -.-tie rg.es  of  forma¬ 
tion  for  the  liquid  species  mid  can  be  c\.'  .dated  the  ther  iynarmo  sequence: 

solid  element  A  or  B  is  taken  from  T  to  its  melting  :  -rature  r  **he  solid  ele¬ 
ment  is  melted,  the  liquid  element  is  taken  from  i  Sting  t  en.  -ature  to  the  origi¬ 

nal  temperature  of  interest.  Assuming  the  heat  capacity  difference  between  the  pure 


liquid  and  pure  solid,  \Cp<  is  constant,  the  Gibbs  energy  change  : .  r  reactions  (5.2.1) 
and  (5.2.2)  are: 


T  f  - 

AG(2)  =  x  &Hm  1  -  -- T  +  t\Cp  T  -  T*  -  Tin  —  \  (5.2.5) 

The  Gibbs  energy  change  of  the  third  reaction  is  simply  the  Gibes  energy  of  mixing 
and,  assuming  a  simple  solution  model  describes  the  liquid  behavior.  results  in 

A (7(3)  =  (a +6  7’)  x  (1-x)  +  RT\xlrz  +  ( 1  -x )  ln(  1  -r  )]  (5.2.6) 

where  a  and  b  are  adjustable  parameters  determined  :n  conjure'. on  with  solid-liquid 
equilibrium  data. 

The  sum  of  reactions  (5.2.1)  to  (5.2.3)  is  the  ties. red  formation  reaction 


(1  -x)4(c)  +  x  B(c)  =  zRz(l)  (5.2.7) 

while  the  corresponding  Gibbs  energy  of  forma  Lion,  of  i  {  ZBZ{1)  i~  're  sum  of  A  G  (l )  to 
A G  (3).  Given  the  source  temperature.  I’,  the  m  )  e Jure  is  to  ::rs*.  calculate  the 
liquidus  composition,  x,  from  the  implied  equation 


v.  here  a  ml  7„i  art1  the  enthalpy  of  fusion  •  !  melting  t  e :: u  mature  of  the  solid 

compound  AB  and  R  is  the  gas  constant.  Once  the  equilibrium  Gr'-p  V  composition  is 
determined  the  standard  Gibbs  energy  of  format  ,  n  of  .4 ,  x  P:  :  can  be  calculated 
from  equations  (5.2.4)  to  (5.2.6)  given  T,  x  and  the  required  t h e r rr.och emical  proper¬ 
ties.  Tables  5.3a  and  5.3b  summarize  the  thermochemical  properties  used  in  these 
calculations.  The  adjustable  parameters  a  and  b  for  GaAs  were  determined  by  reduc¬ 
tion  of  the  liquidus  measurements  of  Clariou  et  a..  (102).  Hall  (13d  Koster  and  Thoma 
(101),  Muszynski  arid  Riabeev  (104)  and  Osarnur  -.  e‘.  al.  (105)  Ls.r.i  a  maximum  likeli¬ 
hood  algorithm. 


Table  5.3a  Thermochemical  Properties  of  GaAs  and  InP  required 
for  calculating  AGff  A,  ,B*(l).Tj 


Property 

G  aAs 

Reference  !  InP  Reference 

T&B(K) 

( kcal  mol  '*) 
a  ( cal  mol  ~') 

b  (cal  mol  ~x  ■  K~x) 

1511 

25.14 

4,666 

-8.74 

1 

101  :  1332  71.72,74 

i 

43  1  14.4  ~  1.72,73 

! 

see  text  .  5,055  75 

see  text  ^  -5.0  75 

Table  5.3b  Thermochemical  properties  of  the  elements  Ga,  In.  As  and  P 
required  for  calculating  AG,°!  A,  xB,(l),Tj 


!  Property 

Ga 

Ref. 

In 

Ref. 

Ref.  !  P 

'  Tm(K) 

302.9 

1 

429.76 

i 

1090 

i±Hm(kcal  mol  ~') 

1.336 

1 

0.73 

1 

5. 1  23 

ACp  (cal  mol  1  - K ~v) 

0.27 

1 

|  -0.2 

1 

1.0 

_ 

5.3  The  Ga-As-Cl-H  System 

The  enthalpy  of  vaporization  of  As(c)  has  been  investigated  quite  extensively  with  a 
reported  range  (1-16)  of  34.4  to  33.54  kcal  mol  :  .Is  x(g  )  and  .  or-.  - p or.  Js  to  the  stan¬ 
dard  enthalpy  of  formation  for  As4(g ).  The  litem’  are  has  beer:  -  _rnm  irized  by  Hult- 
gren  et  al.  ( 1)  to  197.3,  while  a  more  recent  ruea-nr  ■•merit  of  kmc  :  a!  (2)  by  a  static 
method  produced  a  value  of  33.14  kcal  mol  '.  In  addition,  Rau  has  measured  the 
total  '.  apor  pressure  over  solid  and  lr,  ad  ;  ■  '•  350 


i t.h  a  Bourdon 
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ay 


g.u.-_\  A.rialysi  <  of  the  low  t**mperature  results  .•  .  c  <■<  :  AH}  29BA)  =  157.  HI  •  0.2 

kcal  m  ol  The  value  selected  was  37.5  heal  1  on  t  h :  -is  that  the  static 

methris  are  believed  to  be  more  reliable. 

The  dissociation  enthalpy,  A  H°  (As ±  29b.-.-.  has  receive  :  .  msiderable  investi¬ 

gation  with  early  mass  spectrometric  studies  producing  values  ;r.  Tie  range  of  61.5  to 
73.5  kcal  mol  1  (20,24-27).  These  measurement-  \re  suspected  overestimating  the 
/4s 4  partial  pressure  as  a  result  of  a  tow  condens  •.via::  co-.fT.ei-T.:  :  :r  /4s 4  thus  produc¬ 
ing  high  ,4s 4  ion  currents.  More  recent  deterru. nations  using  :-!:Asz.  MozAs3,  GaAs, 
InAs,  and  In  As  +  InSb  sources  with  improved  Knudsen-cell  mass- s:.  actrorneter  designs 
(1B.19.21)  and  reduction  of  PVT  measurements  ( 1  ~  1  have  indicate:  a  much  lower  value 
for  the  dissociation  enthalpy  (54.21=1.5,  54.26=1.1,  54.2  =  1.4 and  :  4. 9=1.0  kcal  mol 
respectively).  The  value  selected  here  is  the  average  of  these  four  measurements, 
54.4rl  5  kcal  mol'1.  L  sing  the  selected  vaL.  s  from  the  standard  enthalpies, 
AH)  IGa  \s.c  .299 A')  =  19.52  kcal  mol  ’,  A H}  (As  .298  K)  =37.5*;::'  mol'1  and  the 

above  dissoci  d  ion  enthalpy  yields  AH0  (GaAs  t  )  =  Ga'c)  +  —  ~ss(g  ),  298 A")  =  42.5 

kcal  mol  1  and  can  be  compared  to  the  values  or  44.95  (19).  45.15  (19)  and  45.4  (28) 
kcal  mol  1 . 


The  vaLue  adopted  for  AH}  (GaAs  ,c  ,298 A')  is  -12  52  kcal  mol  as  determined  by  Mar- 
tosudirdjo  and  Pratt  (32)  with  a  precipitation  ca.orimetric  tech::  ;ue.  This  value  can 
be  compared  to  the  emf  work  of  Abbasov  (33)  and  Sirota  et  a!.  (34  >  in  which  values  of 
—  19.4  and  —20.96  kcal  mol' 1  were  reported,  respectively.  These  .alter  two  values  are 
expected  to  contain  uncertainties  due  to  the  a-'s jrr.ed  valency  ::  Ga  in  the  galvanic 
cel!  and  the  inability  to  accurately  determine  the  fu.i  temperature  dependence  over  a 
re!  r.v-ciy  small  temperature  range  of  rneasu-u  nr  in  si :  '  .on  a  considerable 
number  of  dissociation  pressure  studies  (18,19,-  -.-25,2',  35-40-  :.  .  i  flow  equilibration 
invest. gallons  with  reactive  gases  (29,41)  have  b  :.  p  .-rformed  -  ch  contain  informa¬ 
tion  about  solid  GaAs.  however,  knowledge  of  U  '  r  -  rr  rlyn  :-:c  properties  of  other 
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species  is  required  (..e.  As  >{g ),  (As  ^g  ).  G<iCl(g!.  for .Is  ,  z(Z )  e'..  to  specify  the  pro¬ 
perties  of  GaAs(e)  and  thus  introduce  the  uncer  tainty  in  then  pr  perties  in  addition 
to  those  associated  vv it  h  the  measurements.  However,  tfiis  work  :■ an  be  used  to  impose 
an  internal  consistcnc>  in  the  total  data  set.  The  standard  entropy  of  GaAs, 
S°  (GaAs  ,c  ,299/0  was  taken  from  the  low'  temperature  heat  capacity  measurements  of 
Piesbergen  (12)  while  the  tiigh  temperature  heat  capacity  was  taken  from  the  meas- 
urerrmnts  of  l.ichter  and  Sommelet  (43)  and  ar  e  :  good  agreement  with  the  work  of 
Cox  and  Pool  (69)  and  the  estimates  of  Marina  e  (44)  and  V,js:;.v  and  Maslov  (45). 

Very  Little  experimental  information  is  avail  able  for  tie  arsenic  chlorides.  The 
reported  range  for  the  enthalpy  of  formation  jf  AsCl3(g)  is  —52  to  —72  kcal  mal~l 
(14,16,46-51).  The  value  adopted  was  hHf  (As Cl ^.g  ,298 K)  =  -Q 2.7  kcal  mol -1,  taken 
from  the  enthalpy  of  formation  of  the  liquid  and  the  enthalpy  cf  vaporization.  The 
enthalpy  of  formation  of  the  mono  and  diehlori  lies  were  taken  fmm  the  estimates  of 
Shaulov  and  Mosin  (49)  as  was  the  standard  entropy  and  heat  capacity.  The  enthalpy 
of  formation  of  arsine  was  taken  as  &Hf(AsH3,g  .299 A")  =  16.0-1.5  kcal  mol1  based  on 
the  work  of  Gunn  (52)  and  reported  tabulations  (14-16).  Finally  ‘he  thermochemical 
properties  of  the  remaining  arsenic  hydrides  wer;  estimated  by  comparison  with  the 
hydrides  of  P  and  Sta  (29-31). 

The  thermodynamic  information  available  for  ‘  •  ■  chlorides  of  gallium  is  somewhat 
scarce  and  inconsistent.  The  enthalpy  of  format  run  for  GaCl-Jg  ■  w  as  determined  from 
A/7y  (Ga Cl 3,c  ,298 K)  =  -125.0  kcal.  mol~'  (53)  and  trie  enthalpy  of  sublimation  taken 
from  the  vapor  pressure  measurements  of  Karova  et  al.  (54),  A/7°  ( Ga  Cl  3(c )  = 
CaCl3(g  ),298K)  =  17.7  kcal  mol  *,  producing  (iaCl  ;.g  ,295A')  =  -107.3±3 

kcal  mol  i'he  enthalpy  of  formation  of  gallium  '  rioehior  the  reported  value 

(GaGl  .g  ,293 K)  =  -19.5  kcal  mol  '*  and  is  t  -k  from  the  : :.~.--.h  ration  energy  of 
Harrow  (55)  and  ^flj(Ga  ,g  ,299  A')  and  j  c'Vj  At  ci!.,  -  --..ected.  However,  a 

value-  of  -SHj  ( Ga  Cl  ,g  ,299  A )  =  -12.0  kcal  mol  *  obtained  using  \H°  (GaAs  (c  )  + 
fc-i  j  -  -i  ig  )  ^  e  7  )  x  —  !■; .-  ;  '  )K  -  V1  •-  ;  c  ~,l  determined  by 


Battat  ft  itl.  ( {  ! )  i  :  oh-  ■.!■  -  -  •  ed  here  for  me  other  species. 

These  re  suits  are  in  sh.-.rp  c  mt-  tsl  In  the  vapor  ~'ijre  measurements  of  Kuniya  et 

al.  (54 )  who  report  a  -  .  1  •  A /.•’’( f?i  ('<  ;  g  )  -  Ga'.Ug)  +  H:.;  ).!093/f)  =  45.912 

kcal  mol  1  The  value  s-Mect  ;d  •■..is  cifij  i  CniCi  .g  ■  =  — 17.0z5  kcal  mol  1  is  based 

on  the  first  two  reports,  weighting  the  value  of  r.v  (55)  slightly  more  due  to  the 

uncertainties  found  m  the  enthalpy  of  format  ion  : .  :.e  other  species  in  the  reaction 

studied  by  Oat.tat  et  al.  (4  1).  i  he  enthalpy  of  'ion  for  ga.lium  dichloride  was 

taken  from  the  measurements  of  Bat. tat  et  al.  '  sing  the  tnermochemical  data 
selected  here  and  correcting  the  second  law  err  :  ■  to  that  calculated  by  Shaulov 
and  Mosin  (56).  The  enthalpy  of  dimerization  has  :.  -  -r  investigated  by  several  authors 
(54,57-60)  with  the  reported  enthalpy  and  ent:  ::  ■  of  dimerization  in  the  range, 
bH9(2GaCl3(g)  =  GazCls(g).29SK)  =  -22.6  to  -20  krai  mol  ->  and  &S°  (2 Ga Cl 3{g  )  = 
Ga 2Cl 3(g ), 2S3 A)  -  —31.56  to  —36.0  cal  mol  '  A  ■  Accepting  the  enthalpy  and 

entropy  of  dimerization  as  —21.0  kcal  mol  1  arid  —  cal  mol  1  K~' ,  respectively,  and 
combining  with  the  selected  thermoehem.  data  for  Gad3  produces 

bH}(Ga2Cle,g  ,299/if)  =  -235.6  =  10  kcal  mol  1  :  S° (Ga.2Cle,g  .29BK)  =  127±6.0 

cal  mol  _1A”  ’.  The  standard  entropy  and  heat  cap  - 1  .tv  for  GaCl,  GaCl2  and  GaCl3  were 
taken  from  Shaulov  and  Mosin  (56)  while  the  heat  .  .-.pa city  of  Ga2Cls  was  taken  as  the 
same  for  Al  2  Cl  a  (29).  In  addition  other  sp=.  -  -  are  expected  to  exist  (i.e. 

Ga2Cli,  Ga  ,Clz)  (61,62)  but  no  tnermochemical  da-  :  -  ivailable. 

5.4  The  ln-P-C!-H  System 

The  standard  entropy  at  293K  and  the  coristarr  p  ■  •  -sure  heat  capacity  of  solid  and 
vapor  In  were  taken  from  Kultgren  et  al.  (l).  As  s  r  -  ■  irized  by  huligren  et  al.  (1),  the 
standard  enthalpy  of  vaporization  of  solid  In  it  -  '  •  hat  results  from  application  of 

the  third  law  to  the  vapor  pressure  rmMSur(  ;m,i,‘  -  luces  trie  range  of  4!)  B  to  5B.1 
kcal  mol  for  \HJ  (In  ,g  .  293  A  ).  Von-  re  ••  -  - 1  t  n  rnmetr  -■  -  Ate  of  !  urush  and 

Arthur  (6.3)  ind  Farrow  (64)  suggest  the  %  .dims  and  5B  u  3  kcal  mol  rcspec- 

t  IV  -  'v.. 


fasti: 


t  hcrmoeheniieal 


properties  of  pho-phc: 

1  e-  i 

1  V  ..<•  ;  1  .1)  or 

: ;  i  o 

•  \  AI'  t  ables  (29)  are 

in  agreement  u  it  h  t  tie  r 

•or-''  ri’-.-ent  ■ 

•  -.lit-  i  63)  re  ad  . 

ip-ted 

for  this  study.  How- 

ever  there  exists  a  si 

m  1 1  d .  ■ 

ill  t  he  r  •  ;  •  •  i  j/; 

•s  ;  op .. 

■K)  of  the  reaction 

Pi(3  )  =  )■  i'oxon; 

ei  ..1  ;22) 

I  -  ■  ( -  ..-ft  :  ai .  .  :f  j//'1  (  2 

•  9  A  ) 

-  37.9  1  kcal  mol  1 

while  Panish  and  Arthu: 

■  { 6  5 )  r  port- 

:-d  MF\ )9  A"  =  3  ;  9  :  0.9 

kcal 

mol  1  from  third  law 

calculations  of  their  rn 

i s s  -p--  - 1  r o ; r . 

et  rae  i  -  -  u!  *  s  '  M  :  it'd 

\  ,\  I  -. 

••taction  of  ttie  mass 

spectrometric  result  - 

of  i  irro 

..  (44  pr a 

of  Mr(29VK)  = 

59.04  =0.3  kcal  mol 

while  the 

1  A  \  A  f  to  [  :)j 

A  (299  A')  = 

54.6  =  1.1  kcal  mol  "P 

An  n  veiag 

V  d  !  t.4  d  v\  t  -  >  •.  •  l  T'  V  '  * 

•-■i 

,;f  7  7’ (299/0 

56.1=2.0  kcal  mol 

A  rather  wide  range  in  the  reported  values  for  t r: < •  standard  enthalpy  of  formation 
of  solid  InP  exists  (—13.52  to  —22.3  kcal  mol  ’).  As  shown  m  Table  5.4  the  value 
selected  was  the  average  of  the  two  solution  calor. ■  net  rio  d--t  ernunot  ions  as  this  is  a 
direct  determination  of  the  property.  The  results  from  the  vapor  pressure  measure¬ 
ments  are  subject  to  uncertainties  in  the  proper!  •-<  of  trie  vapor  phase  species  and 
also  the  heat  capacity  of  solid  InP  (e.g.  Panish  an.!  Arthur  (63)  used  Cp  for  AlSb  which 
produces  a  decrease  in  hHj (fnP.c  ,298/0  of  0.3  kcal  mol~]  when  compared  to 
Cp(/nP,c  ,T)  of  Pankratz  (69)).  The  standard  entropy  of  lnP(e)  was  taken  from  the  low 
temperature  tieat  capacity  measurements  of  Pie  si  -gen  (42)  while  the  heat  capacity 
adopted  was  that,  measured  by  Pankratz  (83)  and  ,-  in  good  agreement  with  the  298K 


value  of  Piesbergen  (42)  and  m  fair  agreement  with  the  high  temperature  measure¬ 
ments  of  Cox  and  Pool  (69)  and  the  suggested  value  of  Maslov  and  Maslov  (45). 


Table  5  4  The  reported  standard  enthalpy  of  formation  of 
InP(c).  AH/*;  InP.c.2  -9K) 


A///  2S A!nP(c)} 

Method 

Ref  ere  n  :■  = 

kcal  mol  ’ 

—  13.93  =  0.7'a' 

flow  equilibrat  on 

6  3 

-18.53  lO.7'51 

rnass  spectrormtry 

63 

—22.3  =  1.5 

mass  spectrometry 

26 

-19.33=0. l'c) 

vapor  pressure 

23,63 

-17.33  =  1.4;i) 

calculated 

29 

-21.2 

calculate  a 

66 

-20.33;e1 

mass  sped  ror  •  try 

64 

-13.52=0.26 

solution  calori  ■  ■•try 

32 

-21.0=2 

bomb  calorir:  ‘  r> 

67 

-21.3  =  1.3 

bomb  calor  i.M  :  r> 

63,70 

-14.3  -0.44 

solution  calorimetry 

referenced 

in  32 

(a)  fnP(c)  =  fr.(c)  +  j  P-^g),  A//H5,  =  360  fecal  mol'' 

kn)  taken  as  34.34  feral  mol'1 

(b)  Inp(c)  =  In  (c )  +  P\(g),  A  //age  =  22.1  fecal  mol'1 

LHj  29a  [P4(9  ) )  taken  as  14.03  fecal  mol'1 

(c)  foP(c)  =  /n(c)  +  i-  Pig),  A//?g,  =  36.5  kcal  mol”' 

LHj  ,29a  [Pz(9  )]  taken  as  34.34  kcal  mol1 

(d)  FnP(c)  -  In  (c  )  +■  P:.(g ),  A  //§ _  =  35.0  fecal  mol'1 

A//^ .295  [/=’a(p' ) ]  taken  as  34.34  kcal  mal~l 

(e)  fnP(c)  =  ln(c)  +  P%(g),  A//^  =  37.50±0.1  fecal  mol'1 

AZ/f  jget/V?)]  taken  as  34.34  fecal  mol-1 


Barrow  (55)  reports  the  dissociation  energy  of  InCl  to  be  102.5  kcal,  mol  and  com¬ 
bining  this  with  the  value  of  the  enthalpy  of  formation  of  ln(g)  and  Cl(g)  gives 
hHj (InCl  ,g  ,293 K)  =  —16.21  fecal  mol"1.  However  the  atomic  fluorescence  value  for  the 
dissociation  energy  also  reported  by  Barrow  (55)  ( D0  =  104.6  fecal  mol-1)  yields 
hHf(fnCl  ,g  ,293K)  =  -13.31  fecal  mol'1.  Klemm  and  Brautigan  (76)  reported 

hHj (InCl  ,c  ,273 A')  =  -44.6  feral  mol'1  (77)  and  when  combined  with  the  enthalpy  of 
sublimation.  M^ifr  ;  !  m  ,299A‘)  =  21 .3  kcal  mol  \  gives  M!j(!nCl  ,g  ,298/0  =  -16.8 

fecal  mol  1  and  1-  tin  value  adopted  here.  The  standard  entropy  of  InCl  was  taken 
from  the  calculi1  ion-  of  Mai  a  k  ova  and  Pashinkin  ;  79)  while  trie  heat  capacity  is  that 
recumne-rid’-  1  b\  K».  '  »  The  -tandard  entlialpy  of  formation  and  entropy  of  fnClz 
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was  taken  from  the  -mitte  of  G1  i-<n  (o  )  •  :e  1  -?a‘  a; 

listed  for  GaCl2.  The  standard  enthalpy  of  fornr.a and  ent  ro{ 
to  be  the  values  suggested  by  Mull  ”  and  hurle  md  th  :■  - 

capacity  estimated  by  5Tiau  (15).  Trie  tliermochv  ru  d,  proptidie- 
were  taken  from  the  values  suggested  by  Schafer  -.r.  i  Binnewks  ( . 

The  standard  enthalpy  of  formation  of  phosph  r.-  PH 2-  w,!'  t.  •. 
position  studies  of  Guru;  and  Green  (dl)  an d  the  •  -iniog  \  •  >p 
tables  (29,30).  The  JANAF  tables  were  also  used  for  ’he  other  p- 
chlorides  and  oxide  vapor  phase  species  listed  in  "  at l-  5.1. 

5.5  The  Si-Cl-H  System 

The  therrnochemical  properties  of  Si  have  bee:,  r-.  mewed  by  K... 
the  JANAF  tables  (29).  In  particular,  there  exists  .-.  rather  large  i 
third  law  values  of  the  standard  enthalpy  of  v« • ;  or. /.ation,  iirij (  A 
109.06  heal  mol  ~l.  The  value  selected  was  in  between  the  Knudser 
al.  (94)  and  Grieveson  and  Alcock  (85). 

The  3i-Cl-H  system  has  received  considerable  attention  due  to  its 
semiconductor  industry.  An  excellent  review  of  the  literature  ::: 
equilibrium  calculations  presented  is  given  by  '  u;  1  and  Sh'tt  (-- 
taken  here  is  to  assume  that  SiCl  t  has  the  most  .••••'liable  therm: 
these  values  being  fixed  by  the  JANAF  tables  (29). 

The  reaction 


is  the  same  a.-: 
Gaf'l'j  was  taken 
*  pressure  heat 
.  ••  dimer,  !nzCl  6, 

'mm  the  decom- 
•  from  the  JANAF 
orous  hydrides, 


men  et  al.  ( 1)  and 
i  in  the  reported 
.  ;9BA")  =  86.75  to 
s'.udies  of  Davis  et 


mportance  in  the 
this  system  with 
57).  The  posture 
namic  data  with 


Si  (g  )  +  SiCl  x(g  )  -  2  -A  n  Jg  }  (5.5.1) 

has  been  investigated  extensively  (99-93).  Fmplo  :nc  the  thermo  :  ■!  data  for  the 

three  species  m  remi  t  ion  (5.1)  frum  the  'AN  •  bl-  <  (2d).  i  i aw  values  of 

HiHfiSif'lz.g  ,299/if)  were  calculated  from  the  exp.  :  ler.'.al  nit  :e  effusion-mass 

•et  ’">rn"t  ric  de'  ■•-ri  •  at  :i  of  ;’-•••<•  ■  ’  "'•  ■  u  (:-) 


sp- 


t  emperature 


a 


range  of  1593K  to  1792K  produced  v.iii.  .  LHj  (SiClz,g  ,299 K)  = 

-40.39 rO. 3  kcal  mol  "*  and  showed  no  temper.-.-  depend  -  This  result  is  in  good 
agreement  with  flow  equilibration  data  of  Sol  et  il.  (:-:V  .  1273K  to  1473K)  and 

Teichmann  and  Wolf  (89)  (1223K  to  1575K)  ar..;  me  stalin'  i r. . suremen ts  of  Schafer 
and  Nickl  (92)  (1398K  to  1573K),  with  third  lav.-  values  of  -4C.52,  -40.54,  and  —40.44 
kcal  mol~l,  respectively.  The  flow  equilibrat..  values  of  An;. pin  and  Sergeev  (90) 
(1273K  to  1673K)  and  the  static  values  of  Ishiu :  -  •  al.  (91)  (  14  4  8 K  to  1573K)  were  more 
negative  and  exhibited  a  marked  temperature  i-.  u  mderice.  Or.  ;:;e  basis  of  these  cal¬ 
culations  the  value,  &Hj (SiCl 2,g  ,293A")  =  —40.4  •::il  mol  1  was  selected.  The  values  for 
the  standard  enthalpy  of  formation  of  the  less  #; able  chlorides  SiCL  and  SiCl 3  were 
computed  from  the  high  temperature  flow  equ.l.bmtion  studies  of  Farber  and  Srivas- 
tava  (93).  In  the  f.hird  law  analysis  the  data  previously  discussed  was  used  in  conjunc¬ 
tion  with  the  heat  capacity  for  SiCl  and  5rrZ3  suggested  by  the  J.-WAF  tables  (29)  and 
produced  the  value  of  47.4±0.6  and  -93.3^0.5  ■::ci  mol~x,  respectively.  These  results 
are  in  agreement  with  the  analysis  of  Rusin  et  -..  ',94-96)  on  the  total  pressure  meas¬ 

urements  of  Schafer  and  Nickl  (92).  No  addit  cral  thermodynamic  studies  of  9izCZe 
are  known  to  exist  and  thus  the  properties  suggested  by  Hunt  and  Sirtl  (86)  were 
adopted  and  are  in  agreement  with  the  analysis  ::  Rusin  et  al.  (34-96). 

It  was  pointed  out  by  Hunt  and  Sirtl  (86)  t'r  -v  'lie  mob.'  rod  0  of  5id4  to  SiHCl 3  is 
very  sensitive  to  the  assumed  value  of  the  st...  0  mi  enthalpy  ;f  formation  of  SiHCl3. 
Indeed  this  ratio  is  seen  to  vary  by  nearly  fcrnr  mders  o!  magnitude  at  1000K  when 
bounded  by  the  experimental  determinations  A !!j  ( Y  ; . 3  . 2 9 8 K ) .  Since  the  work 
of  Hunt  and  Sirtl  (86)  was  published,  two  addit.  :n  -.!  cxp-crirn«-:.“  c.l  investigations  of  the 
thermodynamic  properties  of  Sih'Cl 3  have  b-  pi-rforrr.  i  "  irher  and  Srivastava 
(97),  fr  orn  effusion-mass  spectrometrie  r:i  -  -  m  uds,  ,!•  ‘  mimed  the  reaction 
enthalpy  for 


' !{ 7 


siajj )  j )  =  ' 


(5.5.2) 


over  the  temperature  range  1  155K  to  150OK.  p'oying  I  .  rrnodynamic  data 
listed  in  Table  5.1  and  these  results,  a  relative  y  temporal  urc  '  sensitive  third  law 
value  for  &Hj(SiHCl3,g  ,293A')  =  —  1 19.30  =  1.0  i>  .  mained.  F-.  g  both  static  and 
dynamic  methods,  Wolf  and  Teiehntann  (08)  inve?:  .g  red  reaction  .  5.5.2)  and  the  reac¬ 
tion 

4 SiHCL3(g  )  =  3 SiCl4(g  )  +  ■  1  +  2Hz(g)  (5.5.3) 

Third  law  values  of  AHf(SiHCl3.g  ,298a  )  were  cal.  ..  red  from  th-  original  results  and 
the  thermodynamic  data  of  Table  5.1.  The  v  ..„.  obtained  for  reaction  (5.5.3)  is 
— 1 1 9.47 ±0.40  kcal  mol~l  and  for  the  three  dit.-.  sets  with  reaction  (5.5.2)  are 
—  1 19.93±0.90,  —119.58=0.2  and  -119.50=0.60  kcal  ml'1  and  the  results  are  seen  to  be 
in  good  agreement  with  the  measurements  of  Farcer  and  Srivastava  (97).  Since  these 
values  are  nearl}  3  kcal  mol~l  more  negative  than  that  developed  by  Hunt  and  Sirtl 
(86),  values  of  kH}(SiHCl3.g,29BK)  were  calculated  for  various  experimental 
SiCl  4/  SiHCl3  ratios  in  a  fashion  similar  to  Hunt  ar.  .1  Sirtl  (86).  The  experimental  data 
consisted  of  a  variety  of  feed  mixtures  (e.g.  Si  CL  ■  /  .:rh.  //■>/  HCL ,  SiriClj/  H2)  which  were 
contacted  with  Si(c)  at  different  temperatures  during  a  deposition/etching  process. 
The  results  of  these  calculations  for  14  data  sets  suggest  aHj(Sif!Cl3,g,29QK)  = 
-1 19.16±1.70  kcal  Based  on  these  results  ar.  1  the  new  experimental  determi¬ 

nations,  the  value  adopted  is  ^Hj(SiHCL3.g  ,298A')  =  -119.5  =  1.5  kcal  mol  *. 

The  standard  enthalpy  of  formation  of  the  d.-  .-.rid  mono-ohlorosilanes  was  taken 
from  the  recent  measurements  of  Farber  and  Sr:  e.stava  (97).  in  order  to  obtain  a 
consistent  data  set,  third  law  values  of  these  quart.-  cs  were  calculated  from  the  origi¬ 
nal  experimental  data  while  using  the  data  base  -.2  pled  here.  Tins  adopted  values  are 
M!}(SiHzClz,g  ,298A)  =  -75.5=2  kcal  mol  1  a:  d  Li!}\ SifCCl.g  248.A'.'  =  -32.7±2.5 
kcal  mai  J. 

No  additional  experimental  information  on  trr  • -lermoch  .:rr.:-* -y  of  SiHt  and  SiH 
exi-ts  and  t  bus  I  he  TAN ■. F  '  ;b.‘.  reco'-m*'  .  •  -  ■  :  ;  '  :  The  standard 


enthalpy  of  formation  of  disil-me  -.va.i  taken  from  ■  .  al\  ..  1  :  -  ■  F  ot/inger  et  al. 

(99).  hHjiSizH&g  .299/f)  =  17.1  ±3  kcal  mol  1  and  >  compared  wit :  •  -re  calculat  ions  of 
O'Neal  and  Ring  (100),  LH}  (Si2H6,g  ,29QK)  =  19. '  -r  ot  mol  '  he  value  of  16. G 

kcal  mol  1  obtained  from  the  estimated  enthalpy  formation  for 

SiH3  (35  kcal  mol~l)  and  Si- Si  (—54  kcal  mol~l).  "he  standard  entropy  and  heat  capa¬ 
city  of  were  obtained  by  comparison  with  C2.::'6. 
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6.  RESULTS  AND  DISCUSSION 

6.1  Introduction 


The  product  of  these  calculations  is  the  equilibrium  composition  of  the  vapor  phase 
in  the  presence  of  excess  condensed  phases.  The  composition  is  a  function  of  the 
operating  parameters:  temperature,  pressure,  overall  inlet  gas  composition  and: 
included  condensed  phases.  The  usual  procedure  was  to  varv  me  of  the  operating 
conditions  while  holding  the  remaining  ones  at  their  base  vi.uos.  The  graphical 
representation  of  these  results  generally  depicts  the  natural  logarithm  of  the  equili¬ 
brium  vapor  mole  fractions  of  each  specie  versus  the  parameter  varied.  Since  the  pri¬ 
mary  objective  of  this  study  was  to  examine  the  unintentional  5:  ..^corporation  levels, 
mole  fractions  are  shown  typically  down  to  a  level  of  10~1C  (0.1  ppb).  In  order  to  show 
the  complete  detail,  these  plots  were  generally  limited  to  fewer  orders  of  magnitude  in 
mole  fraction.  Furthermore,  since  the  Si  species  were  always  found  to  be  below  10-5 
mole  fraction,  only  the  lower  range  are  given,  unless  the  upper  range  is  necessary  to 
understand  the  results.  A  full  parametric  analysis  was  performed  and  over  160  plots 
were  generated.  In  most  cases  the  results  were  obvious  or  similar  to  analogous  sys¬ 
tems.  Thus,  this  report,  includes  only  those  necessary  for  understanding  the  principal 
phenomena  observed.  In  interpreting  these  plots,  it  should  be  realized  that  an  excess 
specie  serves  to  constrain  the  activity  of  that  specie  to  a  constant  value.  For  example, 
with  solid  SiOz  present  the  activity  of  SiOz  is  fixed  at  unity  and  therefore  the  product 
of  the  Si  and  Oz  partial  pressures  is  also  fixed.  Thus  changes  in  operating  parameters 
that  alter  the  Oz  fugacity  will  alter  the  Si  activity  by  the  same  degree  in  an  inverse 
fashion. 

6  2  The  G«As  Chloride  System 

The  effect  of  temperature  on  the  specie-  p- merit  in  trie  S  .'s  chloride  system 
source  zone  (  100  kPa  pressure,  inlet  compos'd. o:;  i  1  AsCL^  r.  .TV  shown  In  Figures 

system’  -L  i?h  us  mi  a  e  :  ,:i  Group  111  source. 


f>  1-h  t.  Figure--  q  ]  and  6.2  apply  to  the 
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Gax  .-Is  [  z ,  arid  !  igur  6.  3  and  6.  i  represent  t  lit*  -p  -  '  v.  he.di  cm..  -d  GaAs(c)  as  the 

Group  III  sou  re  e  material.  At  low  temperatures  C-a  .1 2  arid  GaC~  became  relatively 
important  gallium  vapor  species  along  with  Gad  ;r.  the  solid  sov.rrs  system  (see  Fig. 
6.3).  In  the  liquid  source  system  GaCI  is  the  dominant  gallium  spa  lie  over  the  entire 
temperature  range  examined  (373A"  <  T  1 173A").  In  both  systems  ,4s 4  was  the  dom¬ 
inant  arsenic  specie  at  low  temperature  while  ,4s  g  o-ccame  imports:.',  at  high  tempera¬ 
tures.  In  contrast  to  previous  studies  [30,31],  the  m.rner,  ,4s 3.  m.r.e  fraction  was  not 
negligible.  In  general,  comparison  of  the  silicon  activity  for  th:-  ;wo  source  zones 
revealed  that  the  silicon  activity  associated  with  the  GaAs(c)  scarce  material  was 
much  lower  than  that  which  resulted  when  a  liquid  source  material  was  employed.  The 
predominant  silicon  species  in  the  vapor  phase  of  the  system,  which  used  a  solid 
source  were  the  higher  silicon  chlorides  in  contrast  to  the  hycrogen  rich  silicon 
species  found  in  the  system  which  used  a  liquid  source.  An  adi.tional  interesting 
feature  is  that  the  total  mole  fraction  of  silicon  compounds  in  the  vapor  for  the  sys¬ 
tem  which  employed  a  solid  source  was  greater  than  that  for  -.he  system  which 
employed  a  liquid  source.  At  first  glance  this  fact  seems  contra  d.m.ory  to  the  lower 
observed  silicon  activity. 

The  following  reaction  equations  may  be  written  to  describe  the  formation  of  silicon 
.c-h-fo rid e s ,  ch-lQ-r-osila-n-es  -and  silane  resulting  from  reactions  with  one  quartz  reactor 
wall. 

SiOz(c)  +  nHCl  +  (4-n)f/z  =  ZHzO  +  SiH±-nCln  n=  C. 1.2, 3, 4  (6.2.1) 

kSi02(s)  +  kmHCl  +  k(2-m/2)Hz  =  ZkHzO  +  SikClkm  A:  =  1,2  m=0,l,2,3  (6.2.2) 

Reactions  6.2.1  and  6.2.2  represent  a  set  of  ind.'-p-.  r-.dent  form.  reactions  which 

describe  the  interplay  between  the  dominant  vapor  phase  silica:  speo.es  present  in 
the  system.  Assuming  ideal  g.i-  behavior,  trie  equ.. .oriurn  too.;  .-.ms  for  these  reac¬ 


tions  are  .:s  follows: 


(6.2.3) 


and 


A', 


y^o  y.^ii  ^  , 
VH~n  V?ia  :  ; 
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yfjk 


0  VSi>  CIl 
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Vh\  y 7a 


(6.2.4) 


where 

yl  =  vapor  phase  mole  fraction  of  specie  t 

PT  --  system  total  pressure  ratio  (total  pressure  reference  stale  pressure) 

The  activity  of  silicon  residing  in  a  condensed  ph  ise  which  is  in  equu.brium  with  the 
vapor  phase  may  be  calculated  from  any  reaction  -sing  a  vapor  S:  -per  :s  reactant  and 
solid  Si  product.  For  example,  consider  the  following  reactions  and  sue  sequent  equili¬ 
brium  expressions  for  the  activity  of  Si. 


V  n7 

Si(c)  +  2HZ  =  SiHt  a*  =  - ~ -  (6.2.5) 

A's  ySt  Pj 

y  >i  a  y  § 

Si(c)  +  4  HCL  =  SiClA  +  2  Hz  = - (6.2.6) 

He  y$a  P~ 

Here  /Q  is  the  equilibrium  constant  for  reaction  i  =  5  or  6.  Other  equivalent  relations 
may  be  written  in  order  to  calculate  the  condensed  phase  silicon  activity  but  the 
models  suggested  in  equations  6.2.5  and  6.2.6  serve  as  convenient  points  of  focus  since 
either  5i//4  or  SiC i4  is  usually  a  significant  silicon  vapor  specie  in  the  systems  studied. 
In  particular  for  those  systems  using  Hz  as  the  carrier  gas,  the  mole  fraction  of  Hz  is 
nearly  constant  with  the  value  unity.  Therefore  trie  will  track  :he  Si H 4  mole  frac¬ 
tion  and  is  inversely  proportional  to  the  system  pressure.  Both  models  of  course  yield 
identical  values  for  the  silicon  activity  when  applied  to  m >  jir.r  situation.  The 
activity  of  Si  present  ed  in  these  plots  can  be  view-.  1  as  the  v.i'.i  e  feun  i  n  a  condensed 
phase  in  equilibrium  with  a  vapor  having  th  >  comp  -ition  shove.  in  error  to  translate 
this  into  a  solubility  trie  n  iture  of  the  condense  1  p'  is  •  r.ee .1  ::  '".s  :  red.  Since  the 
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same  condensed  phase  is  present  (i.e.  Ill- V  impound)  an  increase  in  activity 

corresponds  to  an  increase  in  solubility. 

These  thermodynamic  models  for  the  incorporation  of  silicon  in  GaAs  epitaxial 
layers  are  similar  to  those  proposed  by  Rai-Choudhury  [27l  and  CiLorenzo  and  Moore 
[23],  They  differ  from  the  previously  proposed  models  in  that  a  more  complete  set  of 
species,  including  condensed  phases,  are  included  in  the  calculation  as  a  result  of  the 
application  of  a  digital  computer  to  solve  the  complex  chemical  equilibrium  problem. 

.  The  Lower  silicon  activity  associated  with  the  solid  GaAs  source  can  therefore  be 
viewed  as  due  to  a  suppressed  Si//4  concentration  when  comparing  use  of  the  liquid 
source  (equation  6.2.5).  In  the  source  zone  which  employed  solid  GaAs  the  presence  of 
primarily  higher  chlorides  and  chlorosllanes  at  the  lower  source  zone  temperatures 
was  a  result  of  less  gallium  being  present  in  the  vapor  phase  than  was  present  when  a 
liquid  source  was  employed.  Ga  is  in  excess  in  both  sources  thus  constraining  the 
activity  of  Ga  with  the  liquid  source  having  a  higher  activity.  Thus,  sufficient  KC1  was 
formed  due  to  the  decomposition  of  As  Cl  a  to  tihince  reactions  6.2.1  and  6.2.2  for 
large  k  and  m  values.  Figure  6.5,  which  shows  th  •  chloride  system  pre-source  zone  (l % 
As  da  ln  Hz*  no  Group  III  source  material  presen-  e  further  <upp->r‘<  this  analysis.  The 

absence  of  Group  III  chlorides  caused  the  to'  am  '.uni  of  -  >n  in  the  vapor  to 

increase  above  the  level  observed  m  the  *«>li  i  -  >..•  r  .xml"  the  condensed 

phase  silicon  activity  decreased  even  further 

Table  6. 1  is  a  list  of  the  enthalpy  of  format  io;  J  HK  »•  •.  •  -  him-  nergy  of  reac¬ 
tion  at  973K  for  some  of  the  vapor  sp  cies  des  »  ■  ‘  r  v  r  •.  •  l[K|  6.2.2.  The 

large  negative  enthalpies  of  formation  are  in  dm  r.  v  >f  - :  r  >-  g  -m‘  rim:  bonds  and 
therefore  stable  species.  Since  equilibrium  r  -  -  •  .1  ••  •  -  energy  state 

of  the  system,  species  with  a  lower  Gibb>  ere  re  d  ■  >;  ;•  •  f.r.  Therefore, 

providing  sufficient  chlorine  t  o  react  w it h  tm  ■.  »  .  > .  -  .it  m  a  higher 

total  silicon  concentration  in  (tie  vapor  ph  i  - 


bility  of  these 


Silicon  Activity 


species,  a  lower  activity  of  solid  silicon  in  the  cor..:,  used  phase.  7 re  relative  stability 
of  silicon  halides  when  compared  to  silicon  hydrides  was  also  -ecognized  by  Rai- 
Choudhury  [27], 

Table  6.1.  Enthalpies  of  Formation  and  Gibbs  Energies  of  Reaction 
for  Some  Silicon  Vapor  Species 


Vapor  Specie 

A  H}™K' 
(kcal/  mol'1' 

A(7,iI;3A’ 
t  kcal/  mol-1' 

Si  Cl  4 

-158.4 

51.4 

SiHCl3 

-119.5 

60.5 

SiCl3 

-93.3 

69.9 

SiHzCLz 

-75.5 

76.9 

SiClz 

-40.3 

91.9 

SiH3Cl 

-32.7 

94.0 

SiH 4 

8.2 

1 11.5 

SiCl 

47.4 

129.3 

Si  2,  Cl  q 

-236.0 

139.5 

•Reference  state:  Si(c),  CZ2( v).  f/2(v)  at  299K  and  100  kPa 

The  outlet  compositions  (equilibrium  composition)  of  the  source  zones  using  solid 
and  liquid  source  materials  at  973K  were  used  as  input  to  the  mixing  zone  and  the 
effect  of  mixing  zone  temperature  was  investigated  The  system  using  a  liquid  source 
material  displayed  behavior  which  was  nearly  identical  to  the  source  zone  behavior. 
This  supports  Weiner's  model  [9]  which  suggested  using  the  outlet  composition  of  the 
source  zone  as  the  inlet  composition  to  the  deposition  zones.  This  model  is  only  appli¬ 
cable,  of  course,  if  the  source  and  mixing  zones  ».ro  operated  at  Tie  same  tempera¬ 
ture.  Justification  for  isothermal  operation  of  the  source  and  muting  zones  comes 
from  noting  that  the  condensed  phase  silicon  a:  tivity  mcreas-.-s  with  temperature. 
Therefore,  it  is  desirable  to  operate  the  mixing  zor.i-  at  the  source  zo.ie  temperature 
in  order  to  minimize  the  silicon  activity  and  at  true  same  time  pm  vent  deposition  of 
GaAs  m  this  zone. 
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The  behavior  of  the  mixing  zone,  v.hen  fed  from  a  source  zone  --sing  solid  GaAs  as 
the  source  material,  differs  from  that  of  the  source  /one  alone  in  that  the  mole  frac¬ 
tions  of  all  of  the  eh'orinated  vapor  phase  silicon  species  increase  with  temperature, 
as  does  the  condensed  phase  silicon  activity.  Although  the  silicon  activity  in  the  mix¬ 
ing  zone  increases  more  slowly  with  temperature  than  it  does  in  the  source  zone,  in 
the  interests  of  attaining  the  lowest  possible  silicon  activity  it  is  again  advisable  to 
operate  the  mixing  zone  at  a  temperature  equal  to  or  less  than  that  of  the  source 
zone. 

The  effect  of  temperature  on  the  deposition  zone  for  source  and  mixing  zone  tem¬ 
peratures  of  97'3K,  pressures  of  100  kPa,  a  liquid  source  material  and  1%  AsCl 3  in  Hz 
inlet  to  the  reactor,  has  shown  GaCl  and  As4  to  be  the  dominant  Group  III  and  V 
species.  A  measure  of  the  supersaturation  of  the  vapor  was  defined  based  on  the 
reaction 


GaAs(c)  =  Ga  +  As  (6.2.7) 

using  the  equilibrium  relationship 

Rsat  =  (6.2.8) 

Ksat 

where:  Ksal  =  e  x  p  ( -A  G^  /  RT) 

This  saturation  ratio  was  observed  to  decrease  from  4xl05  at  773K  to  700  at  973K 
which  shows  the  vapor  phase  to  be  highly  supersaturated.  When  SiOz(c)  was  not 
included  in  the  deposition  zone  the  condensed  phase  silicon  activity  changed  only 
slightly  from  9x10  3  at  77  IK  to  6x10  3  at  973K.  Including  .9iC>2(c)  in  the  deposition 
zone  calculation  resulted  1:1  tin  condensed  phase  silicon  activity  becoming  a  strong 
function  of  temperature  (due  to  reversal  of  reactions  6.2.1  and  6.2.2)  with  the  activity 


value  at  97 3 K  remaining  unchanged  and  the  77 3 K  value  falling  to  9x10  5. 
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When  solid  Ga.As  was  used  as  the  Group  Ill  -o  .:  ui.it  r-.  t!  the  lowing  results  were 

obtained  for  the  deposition  zone.  The  sutural  ior  r.ilio  fe  1  from  value  of  200  at  773K 
to  the  expected  value  of  1  at  973K,  thus  showing  system  to  r-  much  less  supersa¬ 
turated  thari  the  liquid  source  material  counterpart.  Tins  lower  degree  of  supersa¬ 
turation  was  due  to  much  less  GaCl  being  present  .n  the  vapor.  The  dominant  Group  V 
specie  was  ds4  but  GaCl,  Chi  Cl  z  and  GaCl  3  were  .-.1,  important  contr.outors  to  the  Group 
III  vapor  species.  The  condensed  phase  silicon  ;  d  vity  was  fem.d  to  increase  with 
temperature  from  9x10  e  at  773K  to  7x10  7  at  9>  : for  the  case  where  SiOz(c )  was  not 
included  in  the  deposition  zone.  When  SiOz(c)  w  ?  included  the  s.  .  >n  activity  at  773K 
fell  to  2x10  9. 

The  effect  of  pressure  was  investigated  over  the  range  of  1  to  1000  kPa  (tempera¬ 
ture  973K,  inlet  composition:  1%  As  Cl  3  in  Hz)  for  both  the  solid  and  liquid  Group  Ill 
source  materials.  Over  the  entire  range  stud'.-  CaC!  was  the  dominant  Group  III 
vapor  specie  in  the  system  using  a  liquid  source  material,  while  for  the  system  using 
solid  CaAs  as  the  source  material,  GaCl  became  the  dominant  Group  111  specie  at  pres¬ 
sures  below  100  kPa  but  competed  with  GaCfz  and  GaCl  3  at  the  higher  pressures.  The 
dominant  Group  V  vapor  specie  was  zls4  at  pressures  above  10  kPa  with  zls2  becoming 
important  below  this  pressure,  in  agreement  with  Centner  et  al.  [31],  in  both  the  liquid 
and  solid  sourced  systems. 

Figures  6.6  and  6.7  show  the  lower  five  orders  of  magnitude  in  mole  fraction  and  the 
condensed  phase  silicon  activities  in  the  liquid  and  soled  material  source  zones.  The 
silicon  activity  in  the  system  using  a  liquid  sour:  materia!  roaches  a  maximum  at  a 
pressure  of  4  kPa  and  then  decreases  with  inc  re  as.  ng  pressure.  This  behavior  has  not 
been  reported  in  the  literature  presumably  due  t  1  me  0  .ms*  rain .  d  nature  of  previous 
equilibrium  calculations.  Referring  to  equation  b.u  '>  rem-als  that  me  maximum  in  the 
silicon  activity  is  due  to  the  SiH. ;  mole  fraction  r:s  :  q  fasmr  than  P~  in  the  l  to  10  kPa 
range.  Applying  equation  6.2.3  to  the  specie  >?/?,  tn  =  0-  and  referring  to  Figure  6.6 
shows  that  the  SiH4  mole  fraction  dependmi  •  •  e 


from  being  linear 
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due  to  the  HzO  molt-  fraction  changes  in  this  rang  .  Ky-r;  =  1).  in  ¬ 
fraction  is  due  to  changes  in  the  total  amount  of  Si  0C ( c )  which  r.:.s 
vapor.  Reaction  6.2.1  is  important  in  this  system  and,  as  the  ; : 
causes  more  Si02(c)  to  react  which  generates  more  H20. 

The  dominant  silicon  vapor  specie  present  at  ;ne  low  end  of  the 
SiO  which  is  formed  via  the  reaction 


2 SiOz(c)  +  H2  -  25i C  -  H2 0 
with  the  corresponding  equilibrium  relationship 


K«  = 


ys-.o  vh  ? 


Vh, 


Thus,  the  observed  minimum  in  the  H20  mole  fraction  is  due  1 
between  the  decreasing  mole  fraction  of  SiO  with  the  increasing  sys: 
reaction  6.2.7  along  with  t.he  H20  generation  from,  reaction  6.2.1.  r.s 
important  in  this  situation. 

The  source  zone  which  used  solid  GaAs  as  the  Group  III  source 
strictly  decreasing  condensed  phase  silicon  actio. ly  with  increaslm 
and  is  best,  described  via  reactions  6.2  1  and  6  u.2  in  conjunct.:: 
activity  model  provided  by  equation  6.2.6.  The  ds-rease  in  silicon  a. 
3  order  of  magnitude  increase  in  SiCl 4  mole  tract  in  being  offset  by 
nitude  increase  in  KC1  mole  fraction  (a^  *  yf/Si)  tit. 3  t  rie  Pfl  deper. i 
activity.  Once  again  the  activity  of  silicon  in  the  system  using  sohd 
material  is  much  less  than  t  he  activity  resulting  'mm  using  hqu. : 
Group  ill  source  material. 

The  mixing  and  deposition  zones  were  studied  -s.:,g  only  the  ;.q_ 
iterial  in  the  source  zone.  The  mixing  zone  re-  .  '•  <  were  again  e- 


.  mge  in  li20  mole 
reacted  with  the 
assure  increases, 

pressure  range  is 

(6.2.9) 

(6.2.10) 

o  the  interaction 
em  pressure  from 
iaction  6.2.2  is  not 

material  shows  a 
^  system  pressure 
i  with  the  silicon 
tivity  is  due  to  the 
an  order  of  mag- 
ence  of  the  silicon 
.  GaAs  as  a  source 
:  CixAsx  x  as  the 

i  Croup  lil  source 
' -  ■  < ;  1 1  .-i  1  ly  the  same 


as  those  of  t  ne  source  /on-  (op-rcitt-J  at  tin 


.  mperat ..  r 


■ : d  therefore  do  not 


require  further  discussion. 

The  deposition  zone,  shown  m  Figures  6.3  an  :  b.'J,  exhibited  saturation  ratio  of 
approximately  2xl03  at  a  pressure  of  1  kPa  rising  to  approximately  2xl04  at  1000  kPa. 
Thus,  the  deposition  zone  was  supersaturated  cm  r  the  entire  pressure  range  investi¬ 
gated. 

The  maximum  value  of  the  condensed  phase  s  ...  n  activity  ofc s : rvcd  for  the  source 
and  mixing  zones  was  not  prevalent  in  the  deposition  zone  since  Si02(c)  was  not 
included  in  the  deposition  zone  model.  Therefor^.  the  silicon  activity  decreased  with 
increasing  pressure  in  accord  with  equation  6.2.b 

The  mole  fraction  of  AsCl3  present  in  the  fee;:  stream  was  varied  from  0.1%  to  10% 
in  order  to  determine  its  effect  on  the  condensed  phase  silicon  activity.  For  the 
source  zone  utilizing  a  liquid  Group  111  source  rn-.-n. enal  most  of  the  chlorine  atoms  pro¬ 
vided  by  the  decomposition  of  .-ls(I2  were  used  •  -  generate  GaCl.  Therefore,  the  con¬ 
densed  phase  silicon  activity  was  not  appreciate  y  affected  until  large  concentrations 
of  AsCl3  were  reached.  The  silicon  activity  was  found  to  decrease  from  7xl0~3  at  0.1% 
AsCl3  to  6x10  3  at  1%  AsCl3  and  finally  to  7xlo  4  at  10%  AsCl3.  These  results  agree 
qualitatively  with  previous  calculations  [23.27J  an  j  observations  [20,21,22,26]. 

A  very  marked  effect  on  the  silicon  activity  w  •.«-  observed  as  the  AsClp  inlet  concen¬ 
tration  was  varied  in  the  system  using  solid  GaAs  as  the  Group  Ill  source  material. 
Since  iess  GaCl  was  generated  in  this  system  when  compared  to  the  system  using  a 
liquid  Group  111  source,  more  FCl  was  availabl-  from  the  decomposition  of  AsClg  to 
react  with  the  silicon  vapor  species.  Thus,  the  condensed  phase  silicon  activity  was 
found  to  decrease  uniformly  from  9x10  5  at  0.1  .1  -Ci3  to  i.oxl.  5  at  10%  4s Cl 3  inlet 

concentration. 

The  reason  less  GaCl  was  generated  in  the  s>-'  cm  using  sol.  i  1  iAs  as  the  Group  111 


source  is  col-mod  bv  t  he  following  rea  ction'. 


Pressure  (kPa) 

Fisurr  •  .  . 
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GaAs{c)  +  HCL  =  GaCl  +  j  ls4  +  j  H2  (6.2.11) 

Ga(l)  +  HCL  =  GaCl  -  ^  Hz  (6.2.12) 

Reaction  6.2.11  refers  to  the  system  using  the  solid  source  and,  at  973K,  has  a  Gibbs 
energy  change  of  3.2  kca!  mole-1  while  reaction  6.2.12,  representing  the  system  with  a 
liquid  source,  undergoes  a  Cibbs  energy  change  of  —9.5  kcal  mole-1.  The  negative 
Gibbs  energy  change  of  reaction  6.2.10  causes  the  products  of  the  reaction  to  be 
favored. 

The  source  zone  results  were  carried  through  the  mixing  zone  and  deposition  zone 
for  the  system  using  a  liquid  Group  III  source.  The  mixing  zone  yielded  the  same 
results  as  the  source  zone  (both  zones  operating  at  a  temperature  of  973K)  and  the 
deposition  zone  showed  the  same  trends  as  were  observed  in  the  source  and  mixing 
zones  with  the  values  of  silicon  activity  slightly  higher  due  to  the  lower  deposition 
zone  temperature  (873K). 

A  more  effective  way  to  reduce  the  silicon  activity  in  systems  using  a  liquid  Group  111 
source  is  to  add  HC1  (or  AsCl 3)  downstream  of  the  source  zone.  This  allows  the 
chlorine  atoms  to  react  with  the  silicon  species  instead  of  generating  additional  GaCl. 

Figure  6.10  shows  the  effect  of  adding  small  quantities  of  KCl  to  the  mixing  zone  on 
the  condensed  phase  silicon  activity  in  the  deposition  zone  (basis:  1  mole  of  vapor  in 
the  mixing  zone).  The  initial  Hr’l  mole  fraction  in  the  deposition  zone  prior  to  the 
addition  of  any  HCi  was  4.5x1 0-5.  In  accord  with  reactions  6.2.1,  6.2.2,  6.2.5  and  6.2.6 
the  silicon  compounds  shift  from  being  hydrogen  rich  to  chlorine  rich  and  the  silicon 
activity  decreases  markedly.  Tin  iddition  of  As  Cl*  has  the  same  effect  except  that  the 
activity  decrease  is  slightly  more  pronounced  since  there  are  three  chlorine  atoms 
per  molecule  of  AsClj  compared  to  one  for  MCI. 

Another  method  of  decreasing  the  condensed  ph  iso  silicon  activity  is  to  add  HgO  to 
the  -yv'Tii.  Thi~  causes  a  decrease  in  the  tola  •  m-emt  of  silicon  in  the  vapor  by 
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shifting  reactions  6.2. 1  and  6.2.2  in  favor  of  SiO^c).  This  effe.;  .=  demonstrated  in 
Figure  6.11  for  small  additions  of  H20  to  the  mixing  /one  (basis:  '  ~ole  of  vapor  in  the 
mixing  /one)  where  the  mole  fraction  of  Hs0  prior  to  the  add:':.;:.'  was  5.5xl0“9.  This 
effect  was  predicted  by  Rai-Choudhury  [27]  and  observed  by  P  dm  [23]. 

Replacing  the  hydrogen  carrier  gas  with  an  inert  gas  is  yet  another  method  of 
reducing  the  condensed  phase  silicon  activity.  This  method  also  reduces  the  total 
amount  of  silicon  in  the  vapor  by  shifting  reactions  6.2.1  and  6.2.2  in  favor  of  Si02(c) 
as  shown  in  Figure  6.12.  Reduction  of  silicon  incorporation  usin  an  inert  to  replace  H2 
was  studied  by  Seki  et  al.  [33]  and  observed  by  Ozeki  et  al.  [ 34 ]  The  curvature  in  the 
silicon  activity  is  best  understood  by  referring  to  reaction  6.2.5.  As  the  hydrogen  car¬ 
rier  gas  is  replaced  by  an  inert  the  mole  fractions  of  H2  and  hi FA  decrease.  The  com¬ 
peting  nature  of  these  two  mole  fractions  causes  a  maximum  in  the  condensed  phase 
silicon  activity  to  occur  at  approximately  90%  inerts  after  which  the  silane  mole  frac¬ 
tion  rapidly  goes  to  zero  and  the  silicon  activity  decreases  to  a  very  small  value.  The 
silicon  activity"  will  never  reach  zero  as  predicted  by  6.2.6  since  reactions  6.2.1,  6.2.2, 
6.2.5  and  6.2.6  are  not  valid  models  in  systems  devoid  of  hydrogen.  Instead,  small  con¬ 
centrations  of  Si(v),  SiO(v)  etc.  will  remain  in  the  vapor  to  provide  a  nonzero  but  very 
small  condensed  phase  silicon  activity. 

The  use  of  solid  GaAs  as  the  Group  III  source  material  appears  to  offer  an  advantage 
over  the  liquid  Group  III  source  m  that  lower  condensed  phase  silicon  activities  were 
predicted  by  these  thermodynamic  models.  It  must  be  emphasized,  however,  that  the 
solid  GaAs  source  was  assumed  to  be  pure  (i.e.  devoid  of  3i  and  other  contaminants) 
and,  from  a  thermodynamic  point  of  view,  that  the  purity  of  an  epitaxial  layer  can  be 
no  better  than  that  of  the  source  material  unless  methods  are  employed  to  improve 
the  purity  (e.g.  additions  of  HCl,  HzO,  etc.)  during  the  CVD  process. 

6.3  The  GaAs  Hydride  System 

The  effect  of  temperature  on  the  silicon  species  present  in  the  Group  III  and  Group 


Molt  Fraction 


Silicon  Activity 
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V  source  zones  of  t  h-  '  h>  : •  i. j  -yd  n  Kigur-<  B.'.  ;nd  5.14.  The  con¬ 

densed  phase  sill' -or.  •..  t.vity  for  t h •.*  Gr  >up  V  so..:'  /one  ts  essentially  the  same  as 
that  which  would  be  b-urved  in  I  tie  Croup  i  :  -source  zun  AsH^  absent)  since 
arsine  did  not  compete  with  silicon  for  uti>  at  or  -  n  the  vapor  o‘ her  than  hydrogen. 
The  Group  Ill  source  zone  showed  a  much  greater  silicon  activity  than  the  Group  V 
pre-source  zone  (Gail)  absent)  shown  in  Figure  o  ld  since  the  i.-uid  gallium  source 
reacted  strongly  with  hCl  to  form  GaCl.  This  for.  -  i  the  silicon  species  to  be  rich  in 
hydrogen  and  therefore  the  condensed  phase  s...  •  on  activity  na:  larger.  As  can  be 
seen  from  Figures  6.13  and  6.14,  the  Group  V  source  zone  was  pr. manly  responsible 
for  the  silicon  activity  at  low  temperatures  while  at  high  temperatures  the  Group  III 
source  zone  contribution  to  the  silicon  a c t i v i also  became  important.  As  was 
observed  in  the  chloride  system  for  the  liquid  Gaz  As ,  _x  source,  the  dominant  Group  III 
vapor  specie  was  GaCl  with  As4  being  the  dominant  Group  V  vapor  specie  at  tempera¬ 
tures  below  1073K  and  ,4s2  dominant  above  this  temperature. 

The  results  of  these  Group  III  and  V  source  zone  calculations  at  973K  were  then 
combined  and  the  effect  of  temperature  in  the  mixing  zone  was  investigated.  Figure 
6.16  shows  this  effect  on  the  silicon  activity  and  species  in  the  lower  five  orders  of 
magnitude  in  mole  fraction.  The  silicon  activity  an  3  silane  mole  fraction  were  found  to 
be  lower  than  the  values  for  the  Group  V  source  zone  alone  at  low  temperatures  due  to 
the  dilution  effect  of  adding  the  two  source  zone  streams  together  (equal  molar 
flowrates  were  assumed  in  each  source  zone).  Since  the  silane  mole  fraction  and 
therefore  the  silicon  activity  in  each  source  zone  was  approximately  the  same  at 
1173K,  the  resulting  silicon  activity  in  the  mixing  zone  was  the  same  as  that  at  the 
outlet  of  either  source  zone. 

Using  the  results  from  the  mixing  zone  at  97  -K  :  lie  deposition  zone  was  studied  in 
the  absence  of  Si.(l2(c  !.  The  saturation  ratio,  as  i  fined  by  equation  o.  1.8,  was  found 
to  decrease  from  2x13*  at  773K  to  100  at  973K,  in.:. eating  that  the  vapor  was  supersa¬ 
turated  over  this  er.t.re  deposition  zone  temp  •  ire  n-.uge.  Tee  condensed  phase 


silicon  activity  varied  only  slightly .  increasing  fr  - 2x10'“  at  773K  to  5x10'“  at  97UK, 
which  is  consistent  with  the  effects  observed  it.  the  chloride  system  using  a  liquid 
Gaz  As ,  Group  III  source.  The  lesser  d-'gree  of  > rersaturation  found  for  the  hydride 
system  when  compared  to  the  chloride  system  w.-.s  due  to  the  lesser  amounts  of  Group 
III  and  V  species  present  in  the  vapor.  The  dilution  effect  of  adding  the  two  source 
zone  streams  together  causes  the  Group  V  vapor  saecies  to  be  one-half  the  mole  frac¬ 
tion  observed  in  the  chloride  system.  The  use  o:  2  *  Cl  coupled  with  this  dilution  effect 
reduces  the  rate  of  Group  Ill  specie  transport  to  .  ne-sixth  of  that  in  the  chloride  sys- 


The  Group  II!  and  V  source  zones  were  investigated  as  functions  of  pressure  at  a 
temperature  of  973K.  The  silicon  activity  in  the  Group  III  source  zone  was  flat  from  1 
to  10  kPa  then  fell  from  a  value  cf  3xl0~3  to  4xlC-4  at  1000  kPa.  The  Group  V  source 
zone  exhibited  a  maximum  in  the  condensed  phase  silicon  activity  at  a  pressure  of  4 
kPa,  as  did  the  chloride  system  source  and  mixing  zones  using  a  liquid  Group  III 
source.  Upon  combining  the  two  hydride  system  source  zones  and  performing  the 
mixing  zone  equilibrium  calculation  the  silicon  i  ivit.y  in  the  mixing  zone  became  a 
decreasing  function  of  pressure. 

The  eff  ct  of  pressure  on  t.h  ?  deposition  zone  of  the  hydride  system  very  closely 
matched  that  of  the  chloride  system.  This  result  was  expected  since  the  source  zones 
of  the  two  systems  are  the  only  differences  between  the  two  and  once  downstream  of 
the  source  zones  the  equilibrium  chemistry  of  the  hydride  and  chloride  systems  are 
the  same. 

The  concentration  of  ds//3  in  the  feed  gas  stream  to  the  Group  V  source  zone  was 
found  to  have  no  effect  on  the  condensed  phase  silicon  activity.  This  was  due  to  the 
silicon  species  being  rich  in  hydrogen  and,  in  •  n e  presence  of  a  large  fraction  of 
hydrogen  carrier  gas  (>•  90??),  the  hydrogen  atoms  released  from  the  decomposition  of 


As H3  did  not  contribute  significantly  to  the  over 


■  tern  hydrogen  content.  Thera 
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fore,  the  silane  mole  fraction  was  not  significant'..  affected  In  .  m.trast  Pogge  and 
Kemlage  [35]  found  that,  increased  AsHj  concentrations  decreas- d  the  free  carrier 
concentrations  in  epitaxial  GaAs.  They  cited  kin  .tic  effects,  however,  not  thermo¬ 
dynamic  limitations  as  the  reason  for  their  observations. 

Increasing  the  concentration  of  HC1  in  the  feed  stream  to  the  Group  111  source  con¬ 
siderably  decreased  the  condensed  phase  silicon  activity  by  forming  chlorine  rich,  as 
opposed  to  hydrogen  rich,  silicon  species.  Thus,  one  method  of  decreasing  the  silicon 
activity  while  maintaining  a  constant  vapor  III/V  ratio  is  to  increase  both  the  KC1  and 
AsH3  mole  fractions  in  the  feed  streams  to  each  source  zone  together.  This  effect  is 
demonstrated  for  the  deposition  zone  in  Figure  5.17.  Additionally,  if  various  III/V 
ratios  are  desired  it  is  advisable  to  operate  the  system  with  a  large  HCl  concentration, 
in  order  to  realize  a  low  silicon  activity,  and  vary  the  AsHj  concentration  until  the 
appropriate  III/V  ratio  is  attained. 

As  was  discussed  for  the  chloride  system,  a  very  effective  method  for  reducing  the 
silicon  activity  is  to  make  small  additions  to  HCl  or  Hz0  to  the  mixing  zone.  This 
preserves  the  s’  m  III/V  ratio  from  the  hydride  system  source  zones  and  shifts 
reactions  6.2.1  and  6.2.2  in  favor  of  SiOz(c).  The  results  for  the  hydride  system  were 
essentially  the  same  as  those  obtained  for  the  chloride  system  and  will  not  be  dis¬ 
cussed  further. 

Replacement  of  the  hydrogen  carrier  gas  by  an  inert  gas  was  less  effective  in  the 
hydride  system  than  it  was  in  the  chloride  system  since  hydrogen  was  provided  by  the 
decomposition  of  HCl  and  AsH 3.  Figure  6.13  shows  this  effect  for  tr.a  deposition  zone 
and  although  a  very  sharp  bend  is  observed  in  the  silicon  activity,  even  when  all  of  the 
hydrogen  was  replaced  by  inerts,  the  condensed  phase  silicon  activity  was  approxi¬ 
mately  4xl0“5.  Therefore,  replacing  the  hydrogen  carrier  g  is  by  an  inert  gas  was  not 
an  acceptable  method  to  achieve  low  silicon  activities.  The  addition  of  small  amounts 
of  HCl  or  Hz0  to  the  mixing  zone  appears  to  be  the  most,  promising  method  of  attain- 


ing  very  Low  silicon  activities  in  the  hydride  system. 


6.4  The  InP  Chloride  System 


The  InP  chloride  system  was  investigated  under  the  same  cor. i. lions  as  the  GaAs 
chloride  system  and  was  found  to  behave  similarly  in  many  respects.  The  source  zone 
using  liquid  lnxP\~x  as  the  Group  III  source  material  was  quite  sirru.ar  to  the  GaAs  sys¬ 
tem  in  that  InCl  and  P4  were  the  dominant  Group  III  and  V  vapor  species.  One 
difference  observed  was  that  Pz  was  not  as  important  a  specie  in  the  InP  system  as  4sz 
was  in  the  GaAs  system.  This  may  be  due,  however,  to  the  equilibrium  calculation 
being  constrained  as  a  result  of  the  lack  of  a  thermodynamic  data  set  for  the  specie 
P3.  Condensed  phase  silicon  activities  for  the  GaAs  and  InP  systems  were  found  to  be 
essentially  the  same.  These  same  comments  also  apply  to  the  mixing  zone  which  was 
fed  from  this  source  zone. 

The  deposition  zone,  shown  in  “Figures  6.19  and  6.20  for  the  situation  where  SiOz(c) 
was  not  included  in  the  calculation,  demonstrates  several  differences  between  the 
GaAs  and  InP  systems.  First,  the  saturation  ratio  for  the  InP  system  defined  in  anal¬ 
ogy  with  equations  6.1.7  and  6.1.8,  was  much  smaller  than  that  of  the  GaAs  system. 
The  Gibbs  free  energy  change  for  reaction  6.1.7  at  373K  is  95.2  kcal/g-mole  while  the 
free  energy  change  of  the  analogous  reaction  in  the  InP  system  is  only  69.5  kcal/g- 
mole.  Thus,  the  value  of  the  equilibrium  constant  for  the  InP  system  is  much  larger 
than  that  for  the  GaAs  system  and,  therefore,  larger  gas  phase  Ir.  and  P  partial  pres¬ 
sures  must  be  present  in  order  to  attain  equal  degrees  of  supersaiuration  in  the  two 
systems. 

The  condensed  phase  silicon  activity  for  the  InP  system  was  slightly  lower  than  that 
of  the  GaAs  system,  due  to  the  lower  SiH^  mole  fraction,  but  increased  slightly  with 
temperature.  Recall  that  the  silicon  activity  in  the  GaAs  system  displayed  a  slight 
decrease  in  temperature  when  SiOz(c)  was  not  included  in  the  calc_lation. 
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The  InP  source  /one  using  solid  InP  .is  the  Group  I ! I  source  material  is  shown  in  Fig¬ 
ures  6.21  and  6.22.  The  behavior  of  this  system  was  markedly  different  than  that  of 
the  analogous  GaAs  system  in  that  InCl  was  clearly  the  dominant  Group  III  vapor 
specie  due  to  the  favorable  Gibbs  energy  change  (—3  kcal/g-mole  at  973K)  of  the  fol¬ 
lowing  reaction  when  compared  to  reaction  6.1.11  (3.2  kcal/g-mole  at  973K). 

fnP(c)  +  Ha  =  fna  +  —  P4  +  j  Hz  (6.4.1) 

The  formation  of  a  larger  amount  of  Group  III  monochloride  consumed  much  of  the 
KCl  initially  present  in  the  system  and  caused  the  vapor  phase  silicon  species  to  be 
higher  in  hydrogen  content  than  those  species  in  the  analogous  GaAs  system.  As  a 
result,  the  condensed  phase  silicon  activity  in  the  InP  chloride  system  using  solid  InP 
in  the  source  zone  was  found  to  be  much  larger  than  that  of  the  GaAs  syrstem.  These 
same  comments  also  apply  to  the  mixing  and  deposition  zones  of  the  InP  system  which 
follow  the  source  zone  using  solid  InP  as  the  Group  111  source  material. 

The  effects  of  pressure  on  the  InP  chloride  system  follow  closely  those  observed  for 
the  GaAs  system  relative  to  the  previously  discussed  differences.  Thus,  for  the  system 
employing  liquid  fnxPi~x  as  the  Group  III  source,  the  condensed  phase  silicon  activity 
in  each  zone  is  slightly  lower  than  that  of  the  GaAs  system  and  the  InP  saturation 
ratio  in  the  deposition  zone  is  much  less  than  that  of  the  GaAs  system.  As  in  the  GaAs 
system,  maxima  are  observed  in  the  condensed  phase  silicon  activities  at  4  kPa  in  the 
source  and  mixing  zones.  The  chloride  system  using  solid  InP  as  the  Group  III  source 
also  displayed  a  pressure  dependent  behavior  which  was  similar  to  that  of  the  analo¬ 
gous  GaAs  system  except  that  InCl  was  clearly  the  dominant  Group  III  specie  and  the 
condensed  phase  silicon  activity  was  much  higher  in  the  JnP  system  due  to  reasons 
previously  discussed. 

The  influence  of  PClj  inlet  concentration  on  the  InP  system  was  similar  to  that  of 
AsClj  in  the  GaAs  system  with  the  following  differences.  When  liquid  InzP X_x  was  used 


Effect  of  temperature  on  the  InP  chloride  system  source  zone 
(solid  source) 


as  the  Group  III  source  material  the  condensed  phase  silicon  activity  was  always  20% 
to  50%  less  than  that  of  the  corresponding  GaAs  system.  This  was  due  to  fnCl$  being  a 
less  important  specie  in  the  InP  system  than  GaCl3  was  in  the  GaAs  system,  which 
allowed  more  chlorine  to  react  with  the  silicon  vapor  species.  When  solid  InP  was  used 
as  the  Group  III  source  material  the  silicon  activity  in  the  InP  system  was  greater  than 
that  of  the  corresponding  GaAs  system  due  to  the  large  amount  of  InCl  formed. 

Replacing  the  hydrogen  carrier  gas  with  an  inert  gas  was  also  investigated  in  the 
InP  system  and  the  results  followed  the  same  trends  as  did  the  analogous  GaAs  system. 
The  differences  between  the  systems  were  consistent  with  the  previous  discussions,  i.e. 
the  condensed  phase  silicon  activity  for  the  InP  system  using  solid  InP  for  a  source 
was  larger  than  the  GaAs  system  and  the  liquid  source  InP  system  showed  a  slightly 
reduced  silicon  activity  in  the  deposition  zone  relative  to  the  GaAs  system. 

Additions  of  HC1,  HzO,  and  PCl3  to  the  mixing  zone  of  the  InP  system  were  also  stu¬ 
died.  The  trends  observed  were  the  same  as  those  in  the  GaAs  system. 

6.5  The  InP  Hydride  System 

The  results  of  a  parametric  analysis  of  the  InP  chloride  system  were  similar  to 
those  of  the  GaAs  hydride  system  discussed  previously.  The  condensed  phase  silicon 
activity  in  the  InP  system  was  found  to  be  consistently  less  than  that  in  the  GaAs  sys¬ 
tem  under  all  analogous  conditions.  At  very  low  inlet  HC1  concentrations  (~  0.1%)  the 
silicon  activities  were  nearly  the  same  while  at  large  inlet  HC1  concentrations  (~  10%) 
the  InP  system  exhibited  silicon  activities  which  were  half  the  value  of  those  in  the 
GaAs  system.  This  was  primarily  due  to  the  smaller  (more  negative)  Gibbs  energy  of 
formation  of  GaCl  (—41.5  kcal/rnol-1  at  973K)  which  caused  a  greater  production  of 
GaCl  via  reaction  6.1.12  than  InCl  in  the  analogous  reaction  where  In  is  the  Group  III 
specie.  The  differences  in  the  Gibbs  energies  of  formation  at  973K  for  Ga(l)  and  fn(l) 
were  not  significant.  Thus,  more  HCl  was  available  m  the  InP  system  to  form  chlorine 
rich  silicon  vapor  species  via  reaction  6.1.1  which  in  turn  lowered  the  condensed 


phase  silicon  activity  relative  to  the  CaAs  system. 


Figures  6.23  and  6.24  show  the  effect  of  temperature  on  the  deposition  zone  of  the 
InP  system.  As  observed  in  the  chloride  systems,  the  saturation  ratio  for  InP  was 
much  smaller  than  that  for  GaAs.  The  hydride  system  showed  that,  for  the  source 
zone  conditions  shown  in  the  figures,  the  InP  system  did  not  become  supersaturated 
until  the  temperature  was  below  860K.  Alternatively,  supersaturation  at  873K  can  be 
achieved  by  increasing  the  system  pressure  from  100  kPa  to  200  kPa  or  by  increasing 
the  PH-i  and  HCl  inlet  compositions.  These  results  are  in  contrast  to  those  observed  in 
the  InP  chloride  system  and  both  GaAs  systems  which  displayed  supersaturated  condi¬ 
tions  in  the  deposition  zone  under  all  situations  studied. 
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7.  CONCLUSIONS 

Parametric  analyses  of  the  chemical  reaction  thermodynamics  pertaining  to  the 
chemical  vapor  deposition  of  GaAs  and  InP  in  the  chloride  and  hydride  systems  have 
revealed  some  of  the  dissimilarities  between  these  systems.  Within  the  chloride  sys¬ 
tem  the  condensed  phase  silicon  activity  resulting  from  the  use  of  solid  Ill- V  material 
as  the  Group  III  source  was  shown  to  be  much  smaller  than  that  obtained  when  a  liquid 
Group  III  source  was  used.  This  difference  was  more  pronounced  for  the  GaAs  system 
than  it  was  for  the  InP  system.  The  silicon  activity  for  the  InP  system  using  a  liquid 
source  was  slightly  less  than  that  of  the  analogous  GaAs  system  while  the  GaAs  system 
using  the  solid  source  exhibited  a  much  smaller  silicon  activity  than  did  lhe  InP  sys¬ 
tem  using  a  solid  source.  Small  additions  of  HC1,  Hz0  or  VCl3  to  the  mixing  zones  of 
these  chloride  systems  were  very  effective  in  reducing  the  silicon  activity.  Replacing 
the  hydrogen  carrier  gas  with  an  inert  gas  was  found  to  be  an  effective  method  of 
reducing  the  silicon  activity  only  if  greater  than  99??  of  the  hydrogen  was  replaced. 
The  degree  of  supersaturation  in  the  deposition  zone  was  much  larger  for  the  GaAs 
system  than  for  the  InP  system.  Also,  the  use  of  a  liquid  Group  III  source  material  led 
to  greater  supersaturations  than  the  use  of  a  solid  III- V  compound  as  the  Group  III 
source. 

The  hydride  system  was  found  to  be  substantially  less  supersaturated  than  the 
chloride  system  under  typical  operating  conditions  and  the  condensed  phase  silicon 
activity  was  less  by  approximately  one  order  of  magnitude  for  the  hydride  system 
when  compared  to  the  chloride  system.  Replacement,  of  the  hydrogen  carrier  gas  with 
an  inert  was  not  as  effective  a  method  of  reducing  the  silicon  activity  in  the  hydride 
system  as  it  was  in  the  chloride  system  due  to  the  liberated  from  the  decomposi¬ 
tion  of  KCl  and  l7/3.  The  condensed  phase  silicon  activity  was  found  to  decrease  with 
increasing  pressure  in  the  deposition  zones  while  maxima  in  the  silicon  activity  were 
found  in  the  source  and  mixing  zones  at  approximately  4  kPa  pressure  for  systems 
using  liquid  source  materials.  Increasing  the  temperature  found  to  strongly 


increase  the  silicon  adivl.y  in  the  source  and  s  influence  of  inlet 

composition  on  silicon  activity  was  not  as  stror  g  that  of  -rature,  pressure, 

replacement  of  Hz  by  inerts  or  t he  addition  of  sp  ..••  dov.  usl:  .  f  the  source  zone. 
Reduced  silicon  activities  occurred  .is  the  inlet  '.imposition  of  chlorine  containing 
species  was  increased. 

In  general  it  was  found  that  shifting  the  vap.r  phase  silicon  species  from  those 
which  are  hydrogen  rich  to  chlorine  rich  specie  ?  markedly  rei.iced  the  condensed 
phase  silicon  activity.  This  effect  was  so  pronoir  .  ed  that  even  in  systems  where  the 
total  amount  of  silicon  in  the  vapor  phase  as  eh  ormated  species  was  much  greater 
than  that  of  hydrogen  rich  species  in  other  sy  erris,  the  condensed  phase  silicon 
activity  was  still  sharply  reduced. 
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9.  Appendix  A.  MCMPEC.RAND:  A  Computer  Code  For  Calculating  Chemical 

Equilibrium  Using  A  Nonstoichiometr ic 
Algorithm 
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RAND 

CNVFRC  and  D6DLAM 

RESTOR 
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A. 5  Theoretical  Development  of  the  RAND  Algorithm 
A. 6  Example  Calculation:  The  Ga,  As,  H  System 


Appendix  A 

MCMPEC.RAND:  A  Computer  Code  for  Calculating  Chemical 
Equilibrium  Using  a  Nonstoichiometric  Algorithm 

A.l  Introduction 

The  calculation  of  chemical  equilibrium  using  a  nonstoichiometric 
algorithm  (the  Rand  algorithm)  is  based  on  the  work  of  Clasen  [1],  A 
nonstoichiometric  algorithm  adjusts  the  amount  of  each  specie  present  in 
the  system  without  referring  to  a  specific  set  of  chemical  reaction 
equations.  The  overall  system  mass  is  conserved  by  constraining  the 
amount  of  each  element  present  to  a  constant  value.  Equilibrium  is 
attained  when  the  free  energy  of  the  system  is  minimized.  A  developement 
of  the  Rand  algorithm,  extended  to  include  a  solution  phase  and  pure 
condensed  phases  in  addition  to  a  vapor  phase,  is  presented  in  section 
A. 5.  Since  CVD  systems  are  operated  at  constant  pressure  the  Gibbs  Free 
Energy  was  chosen  as  the  appropriate  free  energy  function. 

The  algorithm  consists  of  a  set  of  linearized  finite  difference 
equations  which  are  formed  from  the  overall  system  free  energy  function 
and  the  elemental  abundance  constraints.  These  equations  are  solved  to 
predict  changes  in  the  amount  of  each  specie  which  will  yield  a  decrease 
in  the  overall  system  free  energy.  The  vapor  phase  is  assumed  to  be 
ideal  although  activity  coefficients  (which  are  set  to  unity)  are  included 
in  the  equations.  The  solution  phase  includes  options  for  ideal  behavior, 
a  binary  system  simple  solution  theory  model  or  inclusion  of  a  Henry’s 
Law  constant.  An  inert  specie  in  the  vapor  phase  is  also  available  as 
an  option. 
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The  use  of  linear  algebra  techniques  to  solve  the  system  of  linear 
equations  results  in  three  complications.  First,  a  vapor  phase  must 
always  be  present  in  order  to  prevent  the  coefficient  matrix  from  becoming 
singular.  Therefore,  systems  consisting  of  only  pure  condensed  phases 
and  a  solution  phase  cannot  be  solved  using  this  algorithm.  Second, 
pure  condensed  phases  which  have  compositions  that  vanish  must  be  removed 
from  the  calculation  in  order  to  prevent  the  coefficient  matrix  from 
becoming  singular.  This  results  in  the  addition  of  some  rather  intricate 
logic  and  a  considerable  amount  of  "book  keeping"  in  order  to  remove  the 
phase,  shift  the  equation  order  and  then  perform  tests  to  determine 
whether  the  phase  needs  to  be  reinserted  later  in  the  calculation.  Finally, 
a  considerable  amount  of  computer  storage  is  required  (about  111  k-bytes 
on  an  IBM  370  for  50  species)  in  order  to  execute  the  code. 

The  code  includes  options  to  allow  temperature,  pressure  and  inlet 
composition  loops  in  order  to  generate  the  data  required  for  parametric 
analyses. 

Currently  there  is  evidence  which  suggests  that  the  liquid  solution 
in  the  source  zone  of  the  CVD  halide  system  is  at  steady  state  [2]. 
Therefore,  an  option  has  been  included  to  model  this  situation  in  the 
Ga/As  and  In/P  systems.  Several  data  output  options  and  debugging  aids 
have  also  been  included.  The  reader  is  referred  to  subsection  A. 2. 2  for 
a  discussion  of  these  options. 

The  structure  of  the  main  program  along  with  data  input  and  output 
are  discussed  in  section  A. 2.  A  description  of  the  major  variables  used 
in  the  code  is  presented  in  section  A. 3  and  each  subroutine  is  discussed 
separately  in  Section  A. 4.  As  was  previously  mentioned,  the  theoretical 
development  of  this  extended  version  of  the  Rand  algorithm  is  presented 
in  section  A. 5  and  an  example  calculation  is  located  in  section  A. 6. 
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A. 2  The  Main  Program 

A  flowsheet  for  MCMPEC.RAND  is  shown  in  Figure  A1 .  The  primary 
functions  of  the  main  program  are  to  set  array  dimensions,  provide  a 
framework  for  calling  the  subroutines  and  to  take  care  of  data  input  and 
output.  Thus  the  actual  looping  parameters  for  the  temperature,  pressure 
and  composition  options  are  located  in  the  main  program  as  are  the  loop 
and  convergence  test  for  determining  the  equilibrium  compositions.  All 
of  the  data  input  and  output  are  performed  in  the  main  program.  Subroutines 
DEBUG  and  PRINTAB  write  out  information  useful  for  debugging  purposes 
and  execution  diagnostics  pertaining  to  the  various  subroutines  are 
written  out  directly  from  the  appropriate  subroutine.  Also,  subroutine 
WRAPUP  writes  out  a  concise  wrapup  file  when  the  option  is  active. 

A  listing  of  the  main  program  is  located  in  subsection  A. 2. 6. 

A. 2.1  Array  Dimensions,  Expandability 
and  Initialization 

The  arrays  used  in  MCMPEC.RAND  are  dimensioned  in  lines  5  through 
17.  Currently  these  arrays  are  dimensioned  to  accommodate  systems 
containing  up  to  50  different  species  comprised  of  a  maximum  of  13 
different  elements.  The  variables  IDIM1,  IDIM2  and  IDIM3,  which  are 
initialized  in  lines  36,  37  and  38,  are  used  to  set  the  array  dimensions 
in  the  subroutines.  Therefore,  the  code  can  be  expanded  to  accommodate 
larger  systems  simply  by  changing  the  array  dimensions  and  the  values  of 
IDIM1  and  IDIM2  in  the  main  program.  The  double  precision  arrays  ALEQ, 
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Figure  AT 

Main  Program  Flowsheet  for  MCMPEC.RAND 


Dimension  arrays  and  set  limits  for  the  maximum  number 
of  species  and  elements  present  in  the  system. 

"  - 

i 

Suppress  printing  of  overflow,  underflow,  divide  by  zero 
and  exponential  argument  error  messages. 

(Subroutine  ERRSET) 

Read:  1)  Number  of  elements,  species. 
Temperature  and  Pressure 

2)  Thermophysical  data  for  the  vapor, 
solution  and  pure  condensed  phase 
species 

5)  Maximum  number  of  iterations  allowed 
and  computational  options. 


^  Read  initial  compositions  in  the  vapor,  solution  and  pure 
condensed  phases 


Calculate:  The  Standard  State  Chemical  Potentials 
(Subroutine  STSTCP) 


Calculate  Source  Zone 
Liquid  Composition 
(Subroutine  STEADY) 


Determine  a  set  of  linearly  independent  formation  reactions 
and  calculate  the  equilibrium  constant  for  each  reaction 
from  the  Gibbs  free  energy  change.  (Subroutine  IDPTEQ) 


Write-out  the  standard  state  chemical  potentials,  equilibrium 
composition  estimate  and  elemental  abundances  if  IWRAP>  2. 


Determine  the  total  moles  of  silicon  species  and  the  III/V 
atom  ratio  in  the  vapor  phase.  (Subroutines  TOTSI  and  RATIO) 


/  n.  Write  out  temperature,  pressure 

[WRAP>0\YES  and  initial  composition  estimate 
>  to  the  wrapup  file, 
s.  /  (Subroutine  WRAPUP) 


— - - - - » - - - - 

Remove  pure  condensed  phases  which  have  less  than  one  molecule 
present  and  have  negative  incremental  Gibbs  Free  Energies. 
(Subroutine  ADDRMV) 


Calculate  the  activity  coefficients.  (Subroutine  ACTCOF) 

T  _l 

Calculate  the  composition  changes  required  to  yield  a  better  estimate 
of  the  equilibrium  composition.  (Subroutine  RAND). 


JWRAP>0 

\  ?  y 


Write-out  results  to  the 
wrap-up  file.  (Subroutine  WRAPUP), 


Temp> 

or 

Press. 

Loop 
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BLEQ  and  WKA  are  dimensioned  I  DIM!  +  IDIM2  and  therefore  must  be  modified 
accordingly.  It  is  suggested  that  the  element  dimension  IDIM2  not  be 
increased  beyond  13  as  this  will  cause  output  line  lengths  in  excess  of 
132  characters  which  will  either  be  lost  or  difficult  to  read  as  a 
result  of  printer  "wrap  around".  There  are  no  restrictions  (other  than 
available  computer  memory)  to  the  number  of  species  which  the  code  may 
be  expanded  to  accomodate. 

Character  strings  used  to  build  the  output  for  the  reaction  formation 
equations  are  initialized  at  lines  11  through  16.  The  vapor,  solution 
and  condensed  phase  identifying  character  strings  are  also  initialized 
here. 

The  logical  unit  designators  for  the  input  file,  printed  output  and 
the  wrap-up  file  are  initialized  at  5,  6  and  2  respectively  in  lines  33 
through  36. 

Lines  43  and  44  call  the  system  subroutine  ERRSET  to  supress  the 
printing  of  overflow,  underflow,  divide  by  zero  and  exponential  argument 
error  messages.  These  errors  occur  commonly  in  the  IMSL  matrix  routine 
LEQT1F  and  since  this  routine  internally  tests  for  the  number  of  signif¬ 
icant  figures  in  the  results  it  is  unnecessary  to  receive  these  system 
warnings.  The  exponential  argument  error  message  occurs  quite  frequently 
in  the  calculation  of  equilibrium  constants  from  composition  (subroutine 
CALCQ).  This  is  a  result  of  species  having  very  small  concentrations 
being  included  in  the  formation  reactions.  The  equilibrium  constants 
are  calculated  for  comparison  purposes  only  and  therefore  do  not  effect 
the  calculated  compositions.  Discrepancies  between  the  equilibrium 
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constants  as  calculated  from  composition  and  Gibbs  Free  Energy  usually 
result  from  exceeding  the  numerical  range  of  the  computer. 

A. 2. 2  Data  Input 

Data  input  is  accomplished  in  lines  45  through  146.  A  summary  of 
the  input  data  set  is  shown  in  Table  A.l  and  a  description  of  each  input 
variable  is  located  in  Table  A. 2. 

The  first  input  record  consists  of  a  data  set  title  which  may  be  up 
to  80  characters  in  length.  The  second  record  consists  of  the  number 
of  elements  in  the  system,  the  number  of  species  in  the  vapor  (V>0), 
solution  and  pure  condensed  phases,  followed  by  the  system  temperature 
and  pressure.  The  last  two  pieces  of  information  on  this  record  are 
the  reference  temperature  and  pressure  for  the  enthalpies  and  entropies 
of  formation.  The  symbols  for  each  element  are  on  the  third  record.  Two 
characters  are  allowed  for  each  element  symbol. 

The  next  3V  records  contain  information  regarding  the  species 
present  in  the  vapor  phase.  The  first  record  contains  a  12  character 
specie  name  and  the  enthalpy  and  entropy  of  formation  at  temperature  TO 
and  pressure  P0  for  this  specie.  Heat  capacity  correlation  information 
is  contained  on  the  second  record  and  the  number  of  atoms  of  each  element 
which  are  present  in  a  single  molecule  of  the  specie  are  on  the  third 
record.  Records  3V  +  1  to  3V  +  3  contain  this  same  information  for  an 
inert  specie  in  the  vapor  phase.  The  inert  specie  information  must 
always  be  present  in  the  data  set.  When  it  is  desired  to  perform  a 
calculation  without  the  inert,  its  initial  concentration  is  simply  set 
to  zero.  This  same  information  must  also  be  provided  for  each  specie  in 
the  solution  phase  and  each  pure  condensed  phase. 
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ff 


Table  A.i 

Input  Data  Set  for  MCMPEC.RAND 
Record  Comments  Format 


Title  (1),....  TITLE  (20) 

E,  V,  S,  C,  T,  P,  T0,  P0 

ELMNT  (1),  ELMNT  (2)  ....  ELMNT  (E) 

SPECIE  ( I* ,K) ,  DMO(I),  OSO(I) 

AO(I),  A1(I),  A2(  I ) ,  A3{ I),  ICP(I)  - 
A(  1,1).  A( 1 ,2) . . . .  A( I , E ) 

Inert(K) ,  DHOZ,  DSOZ 
A0Z.-A1Z,  A2Z,  A3Z,  ICPZ 
IDUWY 

SPEC  IE(  I ,  K),  OHO(I),  DSO(I) 

A0( I ) ,  A1(I),  A2( I ) ,  A3(  I) ,  ICP(I)  - 

A(  1,1),  A(I,2),...A(I,E) 

SPEC  IE( I,K) ,  A2(  I) ,  A3( I).  ICP(I) 

A0( I ) ,  AI(I),  A2( I ) ,  A3( I ) ,  ICP(I)  - 

A(  1,1),  A( 1 ,2) . . . A( I ,E) 

IDEBUG,  I OPT,  ISS,  IWRAP,  MAXIT,  NMAX 
CNVG,  TINC,  PINC 

TOTMV 

FRAC(I),  FRAC( 2) . . . .  FRAC(V),  FRACZ 
TOTMS 

FRAC( V+l ) ,  FRAC( V+2) . . .  FRAC(V+S) 

IXSCOR,  AXS,  BXS 

TOTMC( V+S+l ) . . . TOTMC( V+S+C) 


80  Character  Title 

20A4 

415,  4F10.0 

Element  Symbols 

13  (IX,  , 

A2) 

3A4,  2E12.5 

Each 

vapor  phase  specie 

4E12.5, 

12 

13(F5.0, 

IX) 

3A4,  12E 

12.5 

Inert 

vapor  phase  specie 

4E12.5, 

12 

13(F5.0, 

IX) 

3A4,  12E12.5 

Each 

solution  phase 

specie 

4E12.5, 

12 

13(F5.0, 

IX) 

3A4,  I2E 

12.5 

Each 

pure  condensed 

phase 

4E12.5, 

12 

13(Fb.0, 

IX) 

615,  3FI0.0 

EI2.5 

6E12.5 

E12.5 

6E12.5 

15,  2E12 

’.5 

6E12.5 


Table  A. 2 


Description  of  Input  Variables 


Variable 


Description 


TITLE  (20) 


80  Character  data  set  title 


E 

V 

s 

c 

T 

P 

TO 

P0 


Number  of  elements  (E  <13) 

Number  of  vapor  species  excluding  the  inert 
Number  of  solution  species 
Number  of  pure  condensed  phases 
System  Temperature  (K) 

System  Pressure  (Pa) 

Reference  Temperature  for  AH  and  AS  formation 
Reference  Pressure  for  AH  and  AS  formation 


ELMNT  (13) 
SPECIE  (50,  3) 
A  (50,  13) 


2  character  symbol  for  each  element  (right  justified) 
12  character  symbol  for  each  specie 
Elemental  abundance  matrix 


DHO  (50) 


Enthalpy  of  formation  (kcal/g-mole)  for  each 
specie  at  Temperature  TO  and  Pressure  P0. 


DS0  (50) 


Entropy  of  formation  (kcal/g-mole-K)  for  each 
specie  at  Temperature  TO  and  Pressure  PO. 


AO  (50) 
A1  (50) 
A2  (50) 
A3  (50) 
ICP  (50) 


Heat  capacity  correlation  parameter  (kcal/g-mol 
Heat  capacity  correlation  parameter  (kcal/g-mol 
Heat  capacity  correlation  parameter  (see  Table) 
Heat  capacity  correlation  parameter  (see  Table) 
Heat  capacity  correlation  parameter  ( 


e-kc ) 


see  Table) 


ICP  (I) 


Heat  Capacity  Correlations 
A2  (I)  A3  (I) 


Correlation 


0  kcal-K/g-mole 


kcal/g-mole-K-e.n(k)  A0+Al*T+A2/T2+A3*i.n(T) 


1 


kcal/q-mole-K 


3 


kca 1 /g-mole-K4  A0+A1 *T+A2*T2+A3*T3 


1 
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INERT  (3)  12  character  name  for  inert  vapor  specie 

DHOZ  Inert  specie  enthalpy  of  fomation 

DSOZ  Inert  specie  entropy  of  formation 


Inert  specie  heat  capacity  correlation  parameters 


I DEBUG 


Debugging  output  parameter 


IDEBUG 


FUNCTION 

warning  messages  are  printed  when  problems  are 
encountered  in  the  IMSL  subroutines 
Prints  IDEBUG  =  0  option  plus  composition 
changes  and  Gibbs  Free  Energy  for  each  iteration- 
Prints  IDEBUG  =  1  option  plus  matricies  and 
vectors  ALEQ,  BLEQ  and  X  for  each  iteration. 


Looping  option  parameter 


FUNCTION 


One  pass  through  routine 
Temperature  loop 
Pressure  loop 
Composition  loop 


Source  zone  steady  state  option  parameter 
ISS  FUNCTION 


Steady  state  option  is  inactive 

Ga/As  liquid  composition  is  at  steady  state 

with  GaAs  solid 

In/P  liquid  composition  is  at  steady  state 
with  InP  solid. 
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I  WRAP 


MAX  IT 

NMAX 


Data  output  option  paraneter 
IWRAP  FUCTIJN 

0  Write-out  input  data,  execution  diagnostics 

and  results  to  printer 

1  IWRAP=0  function  plus  writes-out  a  concise 
wrap-up  file. 

2  No  printer  output  just  a  wrap-up  file 

3  Write  a  wrap-up  to  the  printer 

maximum  number  of  iterations  allowed  for  the  equilibrium 
composition  to  converge 

maximum  number  of  loops  allowed  for  the  IOPT  parameter 


CNVG 


convergence  criterion 


TINC 
PINC 
TOTMV 
TOTMS 
TOTMC  (I) 
FRAC  (I) 

FRACZ 

IXSCOR 


AXS,  BXS 


temperature  increment  for  each  loop  if  I0PT=1 

pressure  increment  for  each  loop  if  I0PT=2 

total  moles  in  the  vapor  phase 

total  moles  in  the  solution  phase 

total  moles  in  each  pure  condensed  phase 

1 <1 <V  mole  fraction  of  specie  i  in  vapor 
V+l<I<V+s  mole  fraction  of  specie  i  in  solution 

mole  fraction  of  inert  in  vapor 

activity  coefficient  correlation  parameter  for  the 
solution  phase 

IXSCOR  Correlation 

0  ideal  solution 

1  binary  simple  solution 

2  Henry's  Law 

activity  coefficient  correlation  coefficients  for  the 
solution  phase 

IXSCOR  Correlation 


0 

1 

2 


ideal  solution 

GE  =  (AXS  +  BXS  *  T)  *x 1 *X 2 

H  =  AXS  *  EXP  (BXS/T) 


Following  the  data  for  each  individual  specie  is  a  record  describing 
the  various  options  available  and  numerical  methods  information.  Para¬ 
meter  IDEBUG  should  be  set  to  zero  for  production  type  jobs  but  may  be 
set  to  1  or  2  to  provide  information  which  allows  the  calculations  to  be 
examined  in  a  step  by  step  fashion. 

Parameter  IOPT  allows  the  code  to  be  looped  in  order  to  generate 
temperature,  pressure  or  composition  parametric  curves.  NMAX  sets  che 
number  of  loops  to  be  carried  out  while  TINC  and  PINC  are  the  temperature 
and  pressure  increments  per  loop.  If  a  composition  loop  is  desired  a 
new  initial  composition  data  set  must  be  provided  for  each  loop. 

Parameter  ISS  is  used  to  activate  the  steady  state  liquid  source 
option.  If  ISS  is  set  to  1  the  composition  of  a  liquid  containing  Ga 
and  As  in  equilibrium  with  GaAs  solid  is  calculated.  This  liquid  is 
inserted  as  the  last  pure  condensed  phase  in  the  system.  Thus  when  the 
value  of  C  (number  of  pure  condensed  phases)  is  specified  it  must  include 
a  steady  state  Dhase  if  I SS  > 0  otherwise  the  last  pure  condensed  phase 
in  the  system  will  be  replaced  with  the  steady  state  liquid.  Setting 
ISS  =  2  will  model  a  liquid  of  In  and  P  in  equilibrium  with  InP  solid. 

The  parameter  IWRAP  is  used  to  choose  the  amount  of  data  output 
desired.  When  IWRAP  =  0  the  input  data  is  written  out  in  tabulated  form 
along  with  a  description  of  the  options  chosen,  execution  diagnostics, 
equilibrium  compositions,  reaction  formation  equations  and  a  comparison 
between  the  equilibrium  constants  for  these  equations  as  calculated  from 
the  free  energy  changes  and  the  compositions.  With  IWRAP  =  1  a  concise 
wrap-up  file  is  written  to  logical  unit  designator  IFILE  ( IFILE  =  2) 
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in  addition  to  the  IWRAP  =  0  option.  These  two  output  options  are  quite 
useful  when  one  is  becoming  acquainted  with  the  code  as  they  provide  an 
echo  of  the  input  data  set  and  a  verification  of  the  results.  Options 
IWRAP  =  2  and  IWRAP  =  3  provide  only  wrapup  file  output  to  IFILE  and 
IWRT  respectively. 

MAXIT  sets  the  maximum  number  of  iterations  to  be  performed  for 
calculating  the  equilibrium  compositions.  Typically  MAXIT  is  set  to 
1000. 

The  equilibrium  compositions  are  considered  converged  when,  after 
two  successive  iterations,  the  largest  fractional  change  in  any  signif¬ 
icant  specie  concentration  is  less  than  CNVG.  A  significant  specie  is 

-50 

one  which  is  present  in  a  concentration  of  1*10  moles  or  greater.  A 

-4 

typical  value  for  CNVG  is  10  . 

The  inlet  compositions  for  the  vapor,  solution  and  pure  condensed 
phases  are  next  in  the  input  data  set.  The  total  moles  in  the  vapor  are 
on  one  record  and  the  following  records  contain  the  mole  fractions  of 
each  component  in  the  vapor,  the  last  value  being  the  mole  fraction  of 
the  inert.  The  solution  phase  inlet  compositions  are  done  the  same  way 
except  that  there  is  no  inert.  Following  the  solution  phase  mole  fractions 
is  a  record  which  determines  the  activity  coefficient  model  to  be  used 
in  the  solution  phase.  For  IXSCOR  =  0  the  solution  is  considered  to  be 
ideal.  Setting  IXSCOR  =  1  yields  a  binary  simple  solution  model  for 
the  excess  Gibbs  Free  Energy.  A  Henry's  Law  constant  for  the  first 
component  in  the  solution  phase  is  activated  by  setting  IXSCOR  =  2.  The 
parameters  AXS  and  BXS  are  used  in  the  activity  coefficient  models  as 
shown  in  Table  A. 2. 

The  final  records  of  the  input  data  set  contain  the  number  of  moles 


in  each  pure  condensed  phase. 
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A. 2. 3.  Preparation  for  the  Iterative  solution 

The  limits  for  the  temperature,  pressure  and  composition  loops  are 
set  in  lines  126  through  129.  The  composition  loop  (IQPT  =  3)  starts  at 
line  130. 

The  input  specie  order  is  saved  so  that  the  results  may  be  output 
in  this  order.  This  step  is  necessary  since  pure  condensed  phases  may 
be  removed  and  reinstated  during  the  calculational  procedure  and  it  is 
convenient  to  compare  the  equilibrium  results  to  the  input  concentrations 
in  the  original  sequence. 

The  specie  names  along  with  their  associated  enthapy  of  formation, 
entropy  of  formation  and  heat  capacity  correlation  data  are  then  written 
to  IWRT  if  IWRAP  <2.  Also,  the  temperature  and  pressure  of  the  reference 
state,  maximum  number  of  iterations,  convergence  criterion  and  the 
debug,  steady-state  and  solution  phase  excess  free  energy  correlation 
options  are  identified. 

The  temperature  and  pressure  loops  (I0PT  =  1  or  I0PT  =  2)  start  at 
line  205.  Subroutine  STSTCP  is  called  to  calculate  the  standard  state 
chemical  potential  of  each  specie.  Subroutine  ESTMTE  is  then  called  to 
provide  an  estimate  to  the  equilibrium  composition  during  the  first  pass 
through  the  temperature/pressure  loop.  Succeeding  passes  through  this 
loop  utilize  the  equilibrium  composition  of  the  preceding  pass  as  an 
estimate  of  the  current  equilibrium  composition  when  ISS  =  0. 

If  the  steady  state  option  is  activated  ( I SS >  0)  subroutine  STEADY 
inserts  as  the  last  pure  condensed  phase  a  liquid  phase  composed  of 
group  III  and  V  elements  which  has  a  composition  determined  by  the 
liquidus  line  of  the  III-V  system  at  the  specified  temperature.  The 
total  moles  of  each  element  present  are  then  calculated  based  on  the 
initial  estimate  of  the  equilibrium  composition. 
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Subroutine  IOPTEQ  calculates  a  set  of  independent  reaction  formation 
equations  and  the  equilibrium  constants  for  each  of  these  equations 
based  on  the  Gibbs  Free  Energy  change  associated  with  each  reaction.  This 
result  is  later  compared  with  equilibrium  constants  calculated  using  the 
"converged"  equilibrium  compositions  to  assure  that  convergence  has  been 
attained. 

The  initial  composition  estimate,  standard  chemical  potential  and 
elemental  abundance  vector  for  each  specie  along  with  the  amount  of  each 
element  present  in  the  system  are  written  out  if  IWRAP<2.  This  occurs 
in  lines  244  through  287.  Headings  for  a  page  containing  execution 
diagnostics  are  set  up  in  lines  289  through  293  and  the  standard  state 
chemical  potentials  are  divided  by  R  and  T  in  accord  with  the-  derivation 
in  section  A. 5. 

During  the  first  pass  through  the  temperature  or  pressure  loop  the 
total  moles  of  silicon  compounds  and  the  group  III  to  group  V  atom  ratio 
in  the  vapor  phase  are  calculated  in  subroutine  TOTSI  and  RATIO.  The 
specie  initial  concentration  along  with  the  total  silicon  and  III-V  atom 
ratio  in  the  vapor  are  then  written  to  a  wrap-up  file  if  IWRAP>  0. 

A. 2. 4  Iterative  Solution  for  Equilibrium  Composition 

The  iteration  scheme  for  determining  equilibrium  compositions  is 
located  in  lines  313  through  362.  Before  entering  the  loop  RELMAX  and 
IACFF  are  initialized  to  prevent  calculation  of  activity  coefficients 
during  the  first  iteration.  If  a  nonideal  solution  option  is  chosen 
activity  coefficients  are  calculated  only  after  RELMAX  has  reached  a 
value  of  less  than  0.1.  This  greatly  reduces  the  chance  that  the 
numerical  solution  will  diverge. 


At  the  top  of  the  loop  subroutine  ADDRMV  is  called  to  remove  pure 

condensed  phases  from  the  calculation  which  have  compositions  of  less 
-25 

than  1.65x10  g-moles.  ADDRMV  then  reinserts  one  molecule  of  the  pure 
condensed  phase  which  has  the  smallest  negative  incremental  Gibbs  Free 
Energy  of  those  which  have  been  removed.  Subroutine  ACTCOF  is  called  to 
calculate  activity  coefficients  for  each  of  the  species  followed  by  RAND 
which  calculates  the  change  in  composition  for  each  specie  which  will 
yield  a  closer  approximation  to  the  system  equilibrium  composition. 

A  convergence  forcer  is  calculated  in  subroutine  CNVFRC.  The 
purpose  of  the  convergence  forcer  is  to  assure  that  negative  compo¬ 
sitions  do  not  occur  and,  if  IALG  -  1 ,  to  provide  a  correction  to  the 
predicted  composition  changes  which  will  help  eliminate  numerical 
instabilities.  Lines  338  through  341  apply  the  convergence  forcer  to 
undate  the  current  estimate  of  the  equilibrium  composition.  The  minimum 
composition  any  specie  in  the  vapor  or  solution  phases  may  attain  is  set 
to  ID"50  g-moles  in  line  340. 

Subroutine  RESTOR  is  called  to  replace  any  pure  condensed  phases 
which  were  removed  by  ADDRMV  back  into  the  problem  in  the  original 
sequence.  Subroutines  GIBBS  and  DEBUG  provide  diagnostic  information  if 
IDEBUG  >1. 

Lines  352  through  360  test  for  convergence  of  the  solution.  The 

maximum  fractional  change  of  all  species  with  compositions  greater  than 
-50 

10  g-moles  over  two  successive  iterations  is  compared  with  CNVG.  The 
solution  is  considered  converged  if  the  largest  fractional  change  is 
less  than  CNVG. 
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The  iteration  process  will  also  be  terminated  if  the  maximum  number 
of  iterations,  MAXIT,  is  exceeded  or  if  I  STOP  =  1.  The  parameter  ISTOP 
is  set  to  unity  if  the  coefficient  matrix  in  subroutine  RAND  is  found  to 
be  algori thmi cal ly  singular  which  prohibits  the  solution  of  the  set  of 
linear  equations.  A  message  is  printed  in  line  363  if  the  numerical 
solution  does  not  converge. 

A. 2. 5  Output  of  Results 

Following  the  loop  for  determining  the  equilibrium  compositions 
subroutine  GIBBS  is  called  to  calculate  the  final  system  Gibbs  Free 
Energy.  Lines  369  through  409  then  determine  mole  fractions  and  chemical 
potentials  for  each  of  the  species.  Subroutine  CALCQ  is  called  to 
calculate  equilibrium  constants  for  the  reaction  formation  equations 
using  the  compositions  determined  by  the  RAND  algorithm.  Subroutines 
TOTSI  and  RATIO  then  determine  the  total  silicon  concentrations  and  the 


group  III-V  atom  ratio  in  the  vapor  phase. 

The  results  of  the  equilibrium  calculations  are  written  out  in 
lines  422  through  470  if  IWRAP<2.  A  wrap-up  file  is  written  at  line 
472  if  I WRAP  >0.  If  a  temperature,  pressure  or  composition  loop  option 
has  been  chosen  (I0PT>0)  the  program  jumps  to  the  bottom  of  this  loop 
at  line  553.  Otherwise  the  set  of  independent  formation  reaction  equations 
are  written  out  followed  by  a  comparison  of  the  equilibrium  constants 
for  these  reactions  as  calculated  by  the  free  energy  change  and  the 
equilibrium  compositions. 


A. 2. 6  Listing  of  The  Main  Program 


t  c 

2  C 

3  C 

♦  C 

s 

6 

7 

8 
9 

10 
1 1 
12 

13 

14 

15 

16 
IT 

18  C 

19  C 

20  C 

21  C 

22  C 

23  C 

24  C 

25  C 

26  C 

27  C 

28  C 

29  C 

30  C 

31  C 

32  C 

33 

34 

35 

36 

37 

38 

39  C 

40  C 

41  C 

42  C 

43 

44 

45  C 

46  C 

47  C 

48 

49 

50  C 

51  C 

52  C 

53  C 

54 


MCMPEC.RAND  ••••  MULTICOMPONENT  MULTIPHASE  EQUILIBRIUM  COOE 

RAND  ALGOPITHUM 


DOUBl E  PRECISION  ALEQI 63,63) .RLEQ( 63) . DC  13, 13) ,DPRMF( 1 3. 13 ) , 

&  OINV( 13.1 3) .WKA1 ( 13) ,WKA(63) 

DIMENSION  A( 50.1 3) . A0( 50 ). A1 ( 50) . A2( 50 ) . A3(S0) . ACOEF( 50) ,0(13). 
t  BCALC( 50 ) ,CHMPT( 50 ) ,COEFF( 6) ,DELN( 50 )  .  DG(50)  . 

&  DT  ST ( 50  I ,DH0(50) . OSO (50)  .FRACC  50) .FRAC I N(50 ) .GNU (50  .  I  3 

6  I  CP ( 50 ). IDXBAS(SO). INERT ( 3 ) , Q( 50) .STOCP( 50 ) .TOTMC( 50) 

INTEGER  ISPCE<  50 .3 ) , PHASE ( 50 . 3  I . SPEC l E ( 50 . 3 ) . STR I NG(  6.4) , 

(  TITLE! 20). V.S.C.E.VPl .VPS.VPSP1 . VSC • VSCE .EPCP2 . 

t  ELMNTI 13I/134*  • /• V APOR ( 3 ) / •  V'.'APO'.'R  •/. 

t  SOLN(3 )/• SOL • • »UTI • . • ON  * ✓ . COND ( 3 ) / • CON • • • OEN • • • SEO* / . 

6  RPSPS/M  ♦  *  /,  RPA  S/»  1  <=  •  /  »RP0L/  • )  »/.SSPS/»  ♦  •/. 

&  BLNKS/*  •/•LP/M*/ 

REAL  N(50) .KEQI50 ) ,NV. NS. LAMBDA 


A( I . J) 
BCJ) 

OHO  <  1 1 
DSO  (  I  ) 
STDCP4I) 


ELEMENTAL  ABUNDANCE  MATRIX 
TOTAL  NUMBER  OF  GRAM-MOLES  OF  ELEMENT  J 
ENTHALPY  OF  FORMATION  OF  SPECIES  I 
ENTROPY  OF  FORMATION  OF  SPECIES  I 
STANDARD  CHEMICAL  POTENTIAL  OF  SPECIES  I 


********** 
icpii)=o  : 
icpii)=i  : 


HEAT  CAPACITY  CORRELATIONS  ********** 

CPU)  =  AO  (  I  )  *  A 1  (  I  )  *T  ♦  A2  (  I  )/T**2  *  A  3(  I  )  *ALOG(  T) 
CP(  I  )  =  AO  II)  ♦  A 1 (  I  ) *T  ♦  A2(  I )*T*  *2  ♦  A3(I)*T**3 


*********************************************************** 
*  DOUBLE  PRECISION  IS  USED  IN  THE  MATRIX  ROUTINE  LEQT1F  * 
*********************************************************** 


IRO=5 
I  WRT=6 
IF ILE=2 
I D I Ml  =  50 
I O I M2= 1 3 

IDIM3=I DIM1* IDIM2 


SUPRESS  PRINTING  OF  OVERFLOW.  UNDERFLOW,  DIVIDE  BY  ZERO 
AND  EXPONENTIAL  ARGUMENT  ERROR  MESSAGES 

CALL  ERRSETI207.0.-1 *0 .0 .209) 

CALL  ERRSET(252, 0,-1. 0,0. 253) 

READ  TITLE 


READ( IRD.5 )  (TITLE (K) .K=l , 20 ) 

5  FORMAT (20A4) 

NUMBER  OF  ELEMENTS.  VAPOR  SPECIES.  SOLUTION  SPECIES. 

CONDENSED  PURE  PHASES.  SYSTEM  TEMPERATURE  (K)  AND  PRESSURE  (PA) 

READ(IRD.IO)  E.V.S.C .T.P.TO.PO 


55  10  FORMAT C4I5,4F10«0) 

56  IFCV.EQ.O)  WRITEClWRT.il)  V 

57  11  FORMATC* O' ,50C •*•) ,/.l X, 'PROBLEM  CANNOT  BE  SOLVED  USING  THE 

58  t'RAND  ALGORITHUM',/, IX, 'NUMBER  OF  VAPOR  PHASE  SPECIES  =  ',1 

59  6/.1X.50! • *• ) ) 

60  IFCV.EQ.O)  GO  TO  3000 

61  VPl=V+l 

62  VPS=V+S 

63  VPSP1=VFS+1 

64  VSC=V*S*C 

65  VSCE=V+S+C*E 

66  EPCP2=E*C+2 

67  IFCS.EO.O)  EPCP2=E  4-C  ♦  1 

68  C 

69  C  REAO  ELEMENTS 

70  C 

71  READ! IRQ, 15)  ( EL MN T C J ) , J= 1 ,E ) 

72  IS  FORMA TC13C 1 X  «  A2 ) ) 

73  C 

74  C  VAPOR  SPECIES  INFORMATION 

75  C 

76  DO  110  1  =  1  .V 

77  READ(IRO,20»  ( SPEC  I E ( I *K) , K=1 • 3 )  ,DH0 < I > . OSOC I > 

78  READ! IRD.21  )  AOC  1 )  ,  A 1  C  I ) . A  2(  I  )  ,  A  3C  I), ICP(I) 

79  REAOC IRO.22)  ( A(  I • J ) * J=1 ,E  1 

80  20  FORMAT <3A4,2E12,5) 

81  21  FORMAT (4E12,S,  12 ) 

82  22  FORMAT (13(FS,0,1X1 ) 

83  DO  110  J=l,3 

84  PHASE ( I »  J )=V  APQR ( J ) 

85  110  CONTINUE 

86  C 

87  C  INERT  VAPOR  SPECIE  DATA 

88  C 

89  REAOC IRO, 20)  C INERT C K ) ,K=1 ,3 > . DHOZ . DSO Z 

90  REAOC  IRO. 21)  AOZ «A 1 Z . A  2 Z * A 3Z . I CPZ 

91  RE AOC IRO, 22)  IOUMMY 

92  C 

93  C  SOLUTION  SPECIES  INFORMATION 

94  C 

95  IF(S.EQ.O)  GO  TO  125 

96  OO  120  I=VP1 ,VPS 

97  REAOC  IRO,  20)  I  SPEC  IE  f  I  ,X  )  •  K=1  •  3)  .OHO  (  I  >  .OSOC  I  ) 

98  REAOC I RO » 2 l )  AO C I ) , A  1 C  I  ) * A2 C  I  )  . A3C  I  ) , ICP C I ) 

99  REAOC I RO ,22)  (A( I «  J) . J=1 «E ) 

100  DO  120  J= 1 . 3 

101  PHASE! I, J)=SOLN( J) 

102  120  CONTINUE 

103  125  CONTINUE 

104  C 

105  C  CONDENSEO  PHASE  OATA 

106  C 

107  IFCC.EQ.OI  GO  TO  135 

108  OO  130  I  =  VPSP1.VSC 


A22 


RE AD(  IRD. 20 I  ( SPEC IE!  I  .  K  )  .  K=  1 . 3  ) ,DH3<  I  > . OSO<  I > 

READ! IR0.21 1  AO!  I ) *  A  1 (  I  ) «  A  2(  I  )  «  A 3!  I).ICP(I) 

READ! I RO • 22 )  I A{ I . J I . J  =  1 , E ) 

OO  130  J=1.3 
PHASE ! I «  J  ) =COND( J ) 

130  CONTINUE 

135  CONTINUE 

MAXIMUM  NUMBER  OF  ITERATIONS.  CONVERGENCE  CRITERION  AND  OPTIONS 

READ! IRD. 136)  IOEBUG. I  OPT. I SS, I  WRAP . M AX  I T ,NMAX . CNVG , T I NC . P I NC 

136  FORMAT (6 I5.3F10.0) 

I F ( I  WRAP .EQ. 3 )  I F ILE=I WRT 

SET  THE  LOOP  LIMITS  FOR  THE  TEMPERATURE.  PRESSURE  AND  COMPOSITION 
LOOPS.  THE  COMPOSITION  LOOP  STARTS  HERE 

NCMPs  I 
NTP=1 

IF! I0PT.EQ.1 .OR. I OPT . EQ. 2 )  NTP=NMAX 
IF ( I OPT . EQ *  3 )  NCMP=NMAX 
OO  2000  ICMP=1  .NCMP 

TOTAL  NUMBER  OF  MOLES  OF  VAPOR  AND  MOLE  FRACTIONS 
READ! IRD. 1 37 )  TOTMV 

READ!  IRD. I  37)  ( FR AC  INI  I).I=1.V).FRCZIN 

137  FORMAT I6EI2.S) 

TOTAL  NUMBER  OF  MOLES  OF  SOLUTION  SPECIES.  MOLE  FRACTIONS 
AND  EXCESS  FREE  ENERGY  CORRELATION  PARAMETERS 

IF(S.EQ.O)  GO  TO  139 
READ! IRD. 137)  TOTMS 

READ! IRD. 137)  IFRACINC  I  )  • I  =  VPI .VPS) 

READ!  IRD. 1 38)  I  X SCOR • A XS.B XS 

138  FORMAT! 15.2E12.5) 

139  CONTINUE 

TOTAL  NUMBER  OF  MOLES  IN  PURE  CONOENSED  PHASES 
IF(C.EQ.O)  GO  TO  1  AO 

READ! IRD. 137)  !TOTMC! I ). I=VPSPi .VSC) 

1A0  CONTINUE 

SAVE  THE  ORIGINAL  SPECIE  ORDER  SO  THAT  THE  PROBLEM  CAN  BE  OLACEO 
IN  THIS  ORDER  IF  ANY  PURE  CONDENSED  PHASES  ARE  REMOVED  OR  SHIFTED 


OO  165  1=1.  VSC 

DO  165  K=1 .3 

ISPCE!  I • K ) =SPEC IE!  I.K) 

165  CONTINUE 

IF! ICMP.GT.l .OR. IWRAP.E0.3)  GO  TO  187 


163  C  WRITE-OUT  SOME  OF  THE  INPUT  DATA 

164  C 


165  I PAGE  = 1 

166  WRITE !  IWRT, 4001  ! T ITLE ! K ) .K=l , 20 ) . IPAGE 

167  WRITE! IWPT, 410)  T.P 

168  IF! IWRAP.GT.l  )  GO  TO  187 

169  WRITE!  I WR  T .  1 70) 

170  170  FORMAT!' 0* ./.1X.T55. 'HEAT  CAPACITY  CORRELATION  COEFFICIENTS*. 

171  C/, IX. T16. • ENTHALPY  OF •• T33 .* ENTROPY  OF  * . T58 .  ’ I CP  =  0 :  CP  =  AO*. 

172  C  ♦  A  1 *T  ♦  A  2/T ♦ *2  ♦  A3 *LN ! T ) * . / . 1 X  * T 1 7 • • FORMAT I  ON • , T33 • • FORM AT 

173  6 'ION* . T58. • ICP=1 I  CP  =  AO  *  A  1 *T  ♦  A2*T **2  ♦  A 3*T ** 3  •  , / . 1 X. T4 , 

174  6 • SPEC  IE* .  T  20 • • OHO*  *T37.*DS0*. T54. • AO* .T7  3. • A l*  . T93 . • A2 * . T1 1 3 . 

175  C'A3« .T122.' ICP' ./. 1X.T4, • SYMBOL* .TI5. •  ! K CAL /G- MOLE ) •  .T30  . 

176  & • ! KCAL/G-MOLE— K) * . T47. * ! KC AL/G-MOL E-K ) • ,T65, •! KC AL /G -MOL E-K * * 2 ) 

177  C  T86.  •  . . .  )  •  ,  T I  06  .  •  I . )*,T122.  *!-)*. 

178  C/. .12! •_• ) .T15. 13! •_• ) .T30. 15! •_• ) ,T47. 15! • _• ) , 

179  CT65.1  8!  •  _•  )  . T86. 15! •_* ).T106.15!'_').T122.3!'_')) 

180  DO  180  1=1 .VSC 

181  WRITE 1IWRT.175)  I SPEC  IE!  I  , K ) .K= 1 . 3 ) • OHO !  I) .OSO! I ).A0(I).A1!I). 

182  t  A2( I ) .A3! I) . ICP! I ) 

183  175  FORMAT ! 1 X  *  3A 4  »T1 7 . F9 • 3 . T  33 »  F9. 6 • T5  0 .F9.6.T68.E12. 5.T88.E12 .5, 

184  CT108.E12.5.T123. II  ) 

185  IF! I «EQ. V)  WRITE! I WRT. 175)  ! INERT ! K ) . K  =  1 . 3 ) , OHOZ . DSOZ . AO Z . A  1 Z . 

186  &  A2Z.A3Z.ICPZ 

187  180  CONTINUE 

188  WRITE!  IWRT.l 84)  TO . PO . MAXI T, CNVG. I  DEBUG 

189  184  FORMAT! *0 *./.* 0* .T 10.* THE  ENTHALPY  AND  ENTROPY  OF  FORMATION  *. 

190  C 'REFERENCE  TEMPERATURE  AND  PRESSURE  AREt'.5X,'T0  =  ».F6.1,*  K  * . 

191  CSX . • PO  =  • »F9. 1 » •  PA*. /.*0*.T35. 'MAXIMUM  NUMRER  OF  ITERATIONS  • 

192  C • ALLOWED  =  *, I  5. /.* 0* . T5 0. 'CONVERGENCE  CRITERION  =  '.E12.4, 

193  G/.'O' .T48. 'OUTPUT  PARAMETER  I DEBUG  =  *  . I  2 ) 

194  IF! S. GT • 1 )  WRITE! IWRT.185)  I XSCOR. AX S. BXS 

195  185  FORMAT! *0 *.* EXCESS  FREE  ENERGY  CORRELATION  : • , 2X . • I XSC OR  =  *. 

196  C  15. 5X . *  AXS  =  • • El  2 • 5. SX, • BXS  =  *.E12.5) 

197  IFIISS.GT.O)  WRI TE ! IWRT, 186)  ISS 

198  186  “ORMAT ! • 0*  »T  24 . »  ISS=  *.I2.'  THE  III-V  LIQUID  SOLUTION  IS  AT  *, 

199  C  'EQUILIBRIUM  WITH  THE  III-V  STO ICHI OMETRI C  SOLID*) 

200  187  CONTINUE 


201  C 

202  C  CALCULATE  THE  STANDARD  STATE  CHEMICAL  POTENTIALS 

203  C  AND  AN  INITIAL  ESTIMATE  OF  THE  EQUILIBRIUM  COMPOSITION 

204  C 

205  DO  2000  I TP=  1  .  NT P 

206  IF! I0PT.EQ.1  .ANO.ITP.GT  a  *  T=T4TINC 

207  IF!  I0PT.EQ.2  .ANO.I  TP.GT.  1  >  ->=P*PINC 

208  CALL  STSTCP! AO.A l , A2 ,A3 . A07 , A ! Z. A2Z. A3Z. OHO.DSO.DHOZ .DSOZ. 

209  C  STDCP. STDCRZ . ICP. » CPZ.TO.T . IDIM1 .V.S .C ) 

210  IF! ITP.GT.l . AND. ISS.EQ.O )  GO  TO  195 

211  DO  190  1=1. VPS 

212  FRAC! I )=FRAC IN! I ) 

213  190  CONTINUE 

214  FR  AC  Z  =  FRC Z IN 

215  CALL  ESTMTEITOTMV.TOTMS.TOTMC.FRAC.N.FRACZ.ZV. 

216  C  IDIM1  .V.S.C  ) 


217  195  CONTINUE 

218  C 

219  C  SOURCE  ZONE  STEADY-ST  ATE  LIQUID  COMPOSITION  MODEL 

220  C 

221  It-  <  ISS.GT.O)  CALL  STE  A  D*  (  S  PEC  1  E  .  A,  ST  DC  P.  ELMNT.  X  I  I  I  ,  T  .  T  0  .  V  .  S  .  C  . 

222  t  IDIM1, IDIM2, ISS, IWRT) 

223  C 

224  C  CALCULATE  THE  TOTAL  GRAM-MOLES  OF  EACH  ELEMENT 

225  C  BAS  ED  ON  THE  INITIAL  COMPOSITION  ESTIMATES  IN  THE  PHASES 

226  C 

227  00  200  J- 1  »  E 

228  BCALC(J)=0. 

229  OO  200  1=1. VSC 

230  BCALC ( J )  =  A {  I. J)*N<  I ) +BCALC ( J ) 

231  B( J)=BCALC( J > 

232  200  CONTINUE 

233  C 

234  C  OET ERMINE  A  SET  OF  INDEPENDENT  REACTION  EQUATIONS. 

235  C  THE  GIBBS  FREE  ENERGY  CHANGE  FOR  THESE  REACTIONS 

236  C  AND  THE  REACTION  EQUILIBRIUM  CONSTANTS 

237  C 

238  RT=0.001 9872  *T 

239  CALL  IOPTEQC  A. D. OPRME . D I NV , STDCP, GNU , I DX BAS . KEQ, WK A1 , DG, 

240  &  PT.I0IM1. IOIM2. V.S.C.E. IWRT) 

241  IF  < I  WRAP. GT. 1  )  GO  TO  476 

242  IF(ITP.GT.l)  GO  TO  472 

243  C 

244  C  WRITE— OUT  THE  INITIAL  COMPOSITION  ESTIMATES,  STANDARD  STATE 

245  C  CHEMICAL  POTENTIALS  AND  THE  ELEMENTAL  ABUNDANCE  MATRIX 

246  C 

247  IPAGE=IPAGEF1 

248  WRITE! IWRT ,400 )  ! T I TLE ! K ) , K= 1 . 20 ) . I PAGE 

249  400  FORMAT! • 1 *,✓• *0* ,T38. 'RAND  ALGOR  I THUM  FOR  DETERMINING  », 

250  6  •EQUILIBRIUM  C OMPOSI TI ONS • . / . • 0 • • T 30 . 20 A4 . T l 2 0. 

251  6  'PAGE  • .12) 

252  WRITE! IWRT, 410  )  T.P 

253  410  FORMAT!  •  0*  ,T43.  •  TEMPERATURE  =  ».F6.1.»  K',5X,T  ESSURE  =  ’.^l? 

254  &  •  PA* ) 

255  WRITE!  IWRT. 420)  ! ELMNT I K ) , K= 1 , 1 3 ) 

256  420  FORMAT! *0* ,/,T48. • INPUT  DATA  AND  INITIAL  COMPOSITION  ESTIMATES 

257  &/»  •  0*  ,T29»*INITI’  AL*  .T43»*ST AND ARD*  ./.1X.T27.  'COMPOSITION*  . 

258  C T43, 'CHEMICAL* •/ • I  X . T4 . • SPEC  IE* , T29. • EST I MATE* .T42 , • POTENT IAL  * 

259  GT72,*  ELEMENTAL  ABUNDANCE  M  ATR  I  X  *  .  /  ,  1  X.  T4  .  •  SYMB  OL  *  .  Tl  7  ,  •  PH  ASE  *  . 

260  &T28. • IG-MOLES) * . T40, • 1 KC AL /G-MOLE ) • .T55.13IA2.4X )./.*♦*. 

261  &  1 2! ) .T15.9! •_« ) . T25 . 1 4 ! ) »T*0»13! *_• ),T55,78! •_* ) ) 

262  00  440  1*1.  VSC 

263  WRITE ! IWRT, 430)  ! SPEC  I E I  I  , K ) , K= l . 3 ) . ! PHASE !  I . K ) . K= 1 , 3 ) , N ! I  ) , 

264  6  STOCP!  I  )  . I A ! I , J) . J= 1 . E) 

2  65  430  F0RMAT!iX,3A4.TI3.3A3,T2  5.E14.7,T4  2.F9.3,T55,13!F5.3,lxn 

266  IF1I.EQ.V)  WRITE! IWRT, 430)  ! INERT ! K) • K= 1 . 3 ) . 

267  t  ! PHASE! I ,K) ,K=1 .3) ,ZV, STOCPZ 

268  440  CONTINUE 

269  IF !  ISS*  GT . 0 )  WR I TE !  I WR T. 44 5)  XIII 

270  445  FORMA  T!4X,*X  =  *  .F6.4) 


A25 


271 

272 

273 

274 

275 

276 

277 

278 

279 

280 
281 
282 

283 

284 

285 

286 
28  7 
268 

289 

290 

291 

292 

293 

294 

295  C 

296  C 

297  C 

298 

299 

300 

301 

302  C 

303  C 

304  C 

305  C 

306 

307 

308 

309 
31  0 

311 

312 

313  C 

314  C 

315  C 

316 

317 

31  8 

319 

320  C 

321  C 

322  C 

32  3  C 
324 


WR  I  TE (  I  WRT. 450) 

450  FORMAT! • 0*  ,/•* 0*  ,T44 .* TOTAL  GRAM-MOLES  OF  EACH  ELEMENT  FROM  IN', 
t  • PUT  DATA*  1 X, T40.  *  AND  AS  CALCULATED  FROM  THE  INITIAL', 

fr  •  COMPOSITION  ES TIMATES* ./. *0* .41 4X, • INPUT  DATA*  ,3X, 

6  •CALCULATED* ,5X1 ) 

NPRT  =  E/A 
NCHK=NPRT*4 

IF(  NCHK  ,NE  ,E  )  NPRT=NPRTM 
I STRT  =  1 

00  470  K=1.NPRT 
NENO= I STRT +3 
IF!NENO.GT.E  )  NEND  =E 

•  RITE!  I WRT , 4  60 >  C  ELMNT ( J ) , B<  J ) . BC ALC ( J ) , J  = I STRT . NE NO  > 

46  0  FORMAT  1 1 X , 41 A2.1X.E12.5.1X.E12. 5,4X1) 

ISTRT  =  NEND«-1 
470  CONTINUE 
472  CONTINUE 

IPAGE=IPAGEM 

WR I TE I  I  WRT. 4 00)  I T I TLE ! K ) . K= 1 . 20 ) . I  PA GE 
WRITE! IWRT. 410)  T.P 
WRITE ! I WRT ,475) 

475  FORMAT! *0 • ,T58,» EXECUT ION  DIAGNOSTICS*  ./.•♦•  ,T  58 ,9!  •_•).  1  X, 

6  11! *0*> 

476  CONTINUE 

DIVIDE  THE  STANDARD  STATE  CHEMICAL  POTENTIALS  BY  RT 

DO  480  1=1 ,VSC 
STDCP! I )=STDCP! I )/RT 
480  CONTINUE 

STDCP Z=STOCPZ/RT 

CALCULATE  THE  TOTAL  SILICON  AND  THE  I  I  I /V  RATIO  IN  THE  VAPOR 
AND  WRITE-OUT  THE  INITIAL  RESULTS  TO  THE  WRAPUP  FILE 

IFIITP.GT.l)  GO  TO  485 

CALL  TOTS  I ! A , ELMNT ,FRAC*N» SITOT.SIMF.IOIMl.IDIM2.V,E) 

CALL  RAT  10! A , ELMNT .FRAC.RI  II V, IOIM1.IOIM2.V.E) 

IF! IVRAP.GT. 0  )  CALL  WRAPUP(TITLE, SPECIE,  INERT»N,FRAC,ZV,FRACZ, 
e  SITOT.SIMF  sRI  I IV.CNVG.CNVG . ISS.XIIl, 

t  T.P,  I  DATA,  IDI  Ml  ,  IF  ILE,  V.VSC  ) 

485  CONTINUE 

ITERATIVE  SOLUTION  FOR  THE  EQUILIBRIUM  COMPOSITIONS 

RELMA  X  =  1 00  .0 
I ACFF=0 

DO  600  1=1 »MAXIT 

ITER= I 

REMOVE  UR  ADD  PURE  CONDENSED  PHASES  INTO  THE  CALCULATION 
BASED  ON  THEIR  INCREMENTAL  GIBBS  FREE  ENERGIES 

CALL  AOORM V (  A,N,OGTST,STDCP,0LEO.SPECIE,DELN,VOSP1,VSC.,::.C, 


A26 


325 

326 

327 

328 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

348 

349 

350 

351 
*  352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

370 

371 
3  72 

373 

374 

375 

376 

377 

378 


6  EPCP2.  I0UT  .  I  DIM1 . ID  I  M2 . I O I  M3 t 

CALL  ACT  COF  (  N.ACOEF.ZACT.IDIMl.IXSCOR.AXS.PXS.T.V.S.C.IACFF. 

G  RELMAX) 

CALL  RAND! A, 3.BC ALC.N, OELN • S TDC» . ALEQ . BLEQ . WKA . ACOEF , 

C  ZACT ,V, S .C.E , VSC, EPCP2, I0IM1.IDIM2.IDI M3, I  TER. PO.P.ZV. 

£  I  STOP*  IWRT. I OEBUG,  I  WRAP) 

C 

C  CALCULATE  THE  CONVERGENCE  FORCER 

C  AND  THE  NEW  ESTIMATE  TO  THE  EQUILIBRIUM  COMPOSITION 
C 

I ALG= 1 

CALL  CNVFRCI STDCP. N , DELN , ACOEF , V , S . C . IDIM1 . IALG. ZV. 

&  P»PO  *RT *LAMBDA • I  TER* IWRT ) 

DO  510  II=1.VSC 

N!  1 1  )  =N(  1 1  )  ♦■LAMBDA  *DELN(  I  I  ) 

IF( II  .LToVPS.AND.Nl  I  I  )  .L E.  1  .  OE - 50  >  N(  I  I )=1.0E-50 
510  CONTINUE 
C 

C  RESTORE  THE  CONSTANTS  AND  ARRAYS  TO  THE  ORIGINAL  PROBLEM  FORMULATION 
C  (THIS  UNDOES  THE  SHIFTING  DONE  IN  SUBROUTINE  A DOR  MV ) 

C 

CALL  RESTORI A. SPEC  IE. I SPCE . STDCP. N. DELN. IDIM1. IDIM2.VSC. 

&  EPCP2.C, VPSP1 • E • I OUT ) 

IF(IDEBUG.GE.l)  CALL  G  I  BBS  (  N  .  STDCP  •  STDCPZ.  ACOEF  ,  ZACT  .  ZV.  T  .  P  ,  e>0  * 

6  IDIMl.V.S.C, GF  E ) 

IF( I DEBUG. GE • 1 )  CALL  DEB JG ( N .DELN . DGTST. VSC . I D l M 1 . I TER .L AMBD A , 

&  GFE. RELMAX.  IWRT ) 

C 

C  CHECK  TOR  CONVERGENCE  OF  THE  EQUILIBRIUM  COMPOSITIONS 
C 

relma  x=o . 

DO  520  I  1=1, VSC 

IF(N(  I  I  ) .GT.O.O)  RELERR=OELN( I  I  ) /N  !  I  I  ) 

IF(ABS(RELERR )  .GT. RELMAX .AND.NlII).GT.1.0E-50) 

&  RELMAX=ABS!  PEL ERR ) 

520  CONTINUE 

IFIRELMAX.LT. CNVG.OR.ISTOP.EQ.l  )  GO  TO  610 
600  CONTINUE 

I F ( I XRAP.LT • 3 )  WRITE! IWRT, 605)  MAXIT 
605  FORMAT ( *0* ,• *****  AFTER  *.I5.*  ITERATIONS  THE  EQUILIBRIUM  •, 
t *COMPGSI TION  DID  NOT  CONVERGE*) 

610  CONTINUE 

CALL  G I  BBS (N. STDCP. STDCPZ. ACOEF. ZACT. ZV.T.P.PO. IDIMl.V.S.C. GFE) 

C 

C  CALCULATE  NV,  NS.  MQLE  FRACTIONS.  AND  THE  CHEMICAL  POTENTIALS 
C 

NV=ZV 

DO  800  1  =  1  ,V 
NV=NVKN( I ) 

800  CONTINUE 
NS=0. 

IF(S.EQ.O)  GO  TO  815 
DO  810  I=VP1 ,VPS 
NS=NS+N! I ) 
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379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

402 

403 

404 

405 

406 

407 

408 
4  09 
410  C 

41  1  C 

412  C 

413 

414 

415  C 

416  C 

417  C 

418 

419 

420 

421  C 

422  C 

423  C 

424 

425 

426 

42  7 

428 

429 

430 

431 

432 


810  CONTINUE 
815  CONTINUE 

00  820  1  =  1  .V 
CHMPTI 11=0. 

FRACI I )  =  NI Il/NV 
ARG=ACOEF( I ) *FRAC< I ) 

IFIARG.LT .1. OE-5  0 )  ARG=i.0E-50 
CHMPTI I )=RT4 I STDCP I  I ) +ALOG  <  A RG ) ) 

820  CONTINUE 

IFIS.EO.O;  GO  TO  835 
DO  830  I=VP1.VPS 
CHMPTI 11=0. 

FRACI I >=N( I)/NS 
ARG=AC0EF( I I4FRACI  I  1 
IF! ARG.LT.l .0E-501  ARG=1.0E-50 
CHMPTI I )=RT* I STDCP I  I } +  AL  OG ( A  RG ) ) 

830  CONTINUE 
835  CONTINUE 

IFIC.EQ.O)  GO  TO  845 
DO  840  I  =  VPSP1,VSC 
FRACI I )=1 . 

IFINI I ) .LT.l .OE-50 )  FRAC!I)=0.0 
CHMPTI I )=STDCP( I ) *RT 
840  CONTINUE 
845  CONTINUE 

FRACZ=ZV/NV 

OZV=0. 

CHMPT  Z=0 . 

IFIFRACZ.LE. 0.01  GO  TO  850 
CHMPTZ=ISTOCPZ*ALOGI ZACT4FRA CZ> >*RT 
850  CONTINUE 

CALCULATE  THE  EQUILIBRIUM  CONSTANTS  FROM  COMPOSITION 

CALL  CALCQ I GNU.N. ACOEF  *FR AC  » IOXBAS.Q. 

&  P.PO.V. S.C. E. ID IM1 . IDIM2) 

CALCULATE  THE  TOTAL  SILICON  A  NO  THE  I  1 1 /V  RATIO  IN  THE  VAPOR 

CALL  TOTS  I  I A.ELMNT . FRAC . N , S I  TOT. S I MF . I O I  Ml . IDI M2.V.E) 

CALL  RAT  10 1 A.ELMNT. FRAC. RIIIV.I0IM1.1DIM2.V.E) 

IF! IVRAP.GT. 1 )  GO  TO  971 

WRITE-OUT  THE  RESULTS 

IPAGE= I PAGE 41 

WRITE!  IWRT • 4  00 )  I T I TLE I K ) . K= l . 20 ) . I PAGE 
WRITE! IWRT, 410)  T.P 

WRITE! IWRT ,900)  I T ER , GEE . REL MA X , CN VG . L AM BDA 
900  FORMAT  I  •  0  '  ./.  1X.T45.  'EQUIL  IBRI  UM  COMPOSITIONS  AFTER  •  »  I  5 

&•  I TERATIONS*./, *0* .T42, 'SYSTEM  GIBBS  FREE  ENERGY  =  '.E14.7, 
&•  IKCAL)'. 

6  /.'O' . 'RELATIVE  ERROR  =  • . E 1 2 . 5. 5X , • C ON VERGENCE  CRITERION  = 
6  E12. 5. 5X. 'RELAXATION  PARAMETER  AT  LAST  ITERATION  =  '.F12.S, 
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433  C  /• *0 • . T57 , •  ESTIMATED*  ./, IX, T2 5. *EQU!LIBRfUM»,T39, 'EQUILIBRIUM*. 

..434  6  T56. • COMPOSITION* . T92 .* CHEM ICAL' , 

Nr"  435  &  /, IX, T4. 'SPECIE* ,T29, *MOLE* ,T39. 'COMPOSITION* ,T56, 

436  &  'UNCERTAINTY* .T9I . ‘POTENTIAL*. TI09, 'ACTIVITY* « 

437  &/.1X.T4.*  SYMBOL *,T1 7.  *PHASE*.T27,*FRACTIQN*,T40.*( G-MOLES )•  • 

438  6  T57  ,  •  ! G-MOLES )  •  ,  T90, • I KC AL/G-MOLE  >•  » T  1  0  7,  •  COE  EFIC IENT* • 

439  &  12! ),T15.9! •_•>. T25. 12 C ) ,T37. 1 4( ,T54. 

440  6  14! I.T89.14I ».TI06. 12( )) 

441  DO  920  1=1. VSC 

442  WRITE! IWRT.910)  (SPECIE! I.K)  ,K  =  1 .3  > . (PHASE!  I ,K ) . K- 1 , 3 ) * FRAC ( I ) • 

443  6  N<  I ) • D  ELN t I )  .  CHMPT ( I ) • ACOEF (  I  ) 

444  91 0  F0RMAT(1X»3A4,T15,3A3,T24.E12,5.T37,E14.7.T54.E14.7,T92,F9.3. 

445  &T106.E12.5) 

446  IFII.EQ.V)  WRITE! IWRT  *9101  ! INERT ! K ) ,K=l . 3 ) . ! PHA SE ! I , K ) . K= 1 , 3 > , 

447  6  FRACZ.ZV.DZV.CHMPTZ.ZACT 

448  920  CONTINUE 

449  IFIISS.GT.O)  WRI TE ( IWRT • 44 5 )  XIII 

450  WRITE! IWRT, 930)  SIMF 

451  930  FORMAT ! • 0 • »T  35*  *  MOLE  FRACTION  OF  SILICON  SPECIES  IN  *. 

452  6  'VAPOR  PHASE  =  '.EI2.5) 

453  WRITE! IWRT, 940)  RI1IV 

454  940  FORMA  T ! ' 0 • ,T5Q ,  *  II I/V  RATIO  IN  THE  VAPOR  PHASE  =  '.F9.4) 

455  WRITE! IWRT, 950) 

456  950  FORMATI'O' •/. 'O'  ,T44,' TOTAL  GRAM-MOLES  OF  EACH  ELEMENT  FROM  IN', 

457  t'PUT  OAT  A*  ,/,lX,T42»' AND  AS  CALCULATED  FROM  THE  EOUIL I BR I UM •  , 

458  &  •  COMPOSITIONS*, /,*0*,4(4X, 'INPUT  DATA*,3X, 

459  6  'CALCULATED* ,5X) ) 

aJ  460  NPPT=E/4 

461  NCHK=NPRT*4 

462  IF1NCHK.NE.E  )  NPRT =NPRT ♦ l 

463  I STRT  —  1 

464  DO  970  K=1 ,NPRT 

465  NEND=ISTRTF3 

466  IFINEND.GT.EI  NEND=E 

467  WRITE! I WRT • 9  60  >  ! ELMNT! J ) • B! J ) ,BCALC! J ) , J= I STRT . NEND ) 

468  960  FORMAT! IX, 4! A2, IX. El  2*5,  1X,E12.5,4X) ) 

469  ISTRT=NENDM 

470  970  CONTINUE 

471  971  CONTINUE 

472  IF ! I WRAP , GT  *  0 )  CALL  WRAPUP ! T ITLE ,S PEC  I E , INER T. N, FRAC . ZV ,FR ACZ , 

473  &SITOT.SIMF.RI 1 1  V ,R EL MAX, CNVG, ISS , X  I  I  I ,T,P, I  DATA, IDIM1.IFILE. 

474  &V.VSC) 

475  IF! ITP.GT.l .OR.ICMP.GT.l .OR, IWRAP.GT.l )  GO  TO  1900 

476  C 

477  C  WRITE-OUT  THE  INDEPENDENT  EQUATIONS 

478  C 

479  I PAGE= I PAGE* 1 

480  WRITE! IWRT. 400)  !TITLE(K) ,K=1 ,20) ,  IPAGE 

481  WRITE!  IWRT, 4  10  I  T.P 

482  WRITE! IWRT, 980) 

483  980  FORMAT! *0* ,T38.» A  SET  OF  INDEPENDENT  REACTION  EQUATIONS  FOR  *. 

484  C  'THIS  SYSTEM  IS  AS  FOLLOWS 0* ) 

485  OO  1100  1=1. VSC 

486  C 
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♦  87 

C  DETERMINE  THE  NUMBER  OF  BASIS  SPECIES  IN  EACH  FORMATION 

REACT  ION 

♦  88 

C 

♦  89 

NSPEC  =0 

♦90 

DO  990  K= 1 • E 

♦91 

IF! I.EQ. lOXBAS(K))  GO  TO  1100 

♦  92 

IFIABSIGNUI I«K)).LT.1.0E-6)  GO  TO  990 

♦  93 

NSP£C=NSPEC4l 

♦94 

990 

continue 

♦  95 

C 

♦  96 

C  FILL  THE  CHARACTER  ARRAY  "STRING"  WITH  THE  FORMATION 

REACTION  SPECia 

♦  97 

C 

♦  98 

NLOOP* 1 

♦  99 

IF! NSPEC  ,GT •♦ )  NLOOP=FL0AT!NSPEC)/4.0«-0.9 

500 

DO  1000  K= 1,3 

501 

STRING! 1 • K 1 =SPEC IE  !  I ,K) 

502 

1000 

CONTINUE 

503 

STRING! 1.4I=RPAS 

504 

COEFF! 1 1=1 .0 

SOS 

I  ST  =  1 

506 

ICNT=0 

507 

DO  1060  ILOOP=l  .NLOOP 

508 

NCNT=NSPEC— I CNT ♦ 1 

509 

IF1NCNT.GT.5  1  NCNT=5 

510 

DO  1020  I DX=2 • NC  NT 

51 1 

ICNT= ICNT+ 1 

512 

DO  1015  IBASE=IST.E 

513 

IF! ABS!GNUI I • IBASEI 1 .LT. 1 .OE-6)  GO  TO  1015 

51  ♦ 

IDX8= IDXBAS!  IBASE) 

515 

DO  1010  K=1 • 3 

516 

STRING! IOX.K|=SPECIE! I0XB.K1 

517 

1010 

CONTINUE 

518 

COEFF! 10X1 =GNU! I ,1  BASE) 

519 

STRING!  I  OX  «  ♦  )=RPSP S 

520 

GO  TO  1018 

521 

1015 

CONTINUE 

522 

1018 

I ST= I BASEA1 

523 

1020 

CONTINUE 

524 

STRING !NCNT.4)=RPBL 

525 

IF! ILOOP.EQ.l 1  WRITE! IWRT. 1 0 40 1 1 LP . COEFF ! I JK), 

526 

C 

! STRING! I JK  »  K  )  • K=  I  • 

4)  , 

I JK=1 • NC  NT  J 

527 

104  0 

FORMAT !*0* ,A1,F5,2,4A4,4!A1,E10.3,4A4) 1 

528 

IF! ILOOP.GT.l  )  WRITE! IWRT.  1050 1  SSPS . t LP. COEFF I I JK 1  * 

529 

& 

! S  TR I N  G (  I  JK  ,K)  *  K=  1 

.4  ) 

•  I JK=  2 • NCNT ) 

530 

1050 

FORMAT! IX.T20, A4 ,4 ! A1 , El  0. 3,4A4) ) 

531 

1060 

CONTINUE 

532 

1100 

CONTINUE 

533 

C 

534 

C  WRITE-OUT  A  COMPARISON  BETWEEN  THE  EQUILIBRIUM  CONSTANTS 

535 

C  AS 

CALCULATED  BY  THE  GIBBS  FREE  ENERGY  CHANGE  AND  BY 

COMPOSITION 

536 

C 

537 

IPAGE  =  IPAGE«-1 

538 

WRITE (  IWRT. 400)  ! T ITLE !K 1 ,K= l . 20 1 .  IPAGE 

539 

WRITE! IWRT, 410)  T,P 

560 

WRITE! IWRT ,1110) 

, 
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541 

542 

543 

544 
54  5 
546 
54  7 
54  a 

549 

550 

551 

552 

553 

554 

555 


1110  FORMAT(*0*./.1X.T40. 'EQUILIBRIUM  CONSTANTS  FOR  THE  INDEPENDENT  * . 
&•  REACTIONS*  »/»*0*  .T20**GIBBS  FREE  ENERGY  CHANGE*. T47. 
fc  •  E  QU  tLlBRIUM  CONST  ANT • . T 7 3 •  •  EQU I  LI BR IUM  CONST ANT *,/. 1 X . 
^'REACTION  PRODUCT* ,T25 .* (KCAL/G-MOLE >*. T46. ‘FROM  GIBBS  FREE  *. 

& • ENERGY  *  *  T  70 • ‘FROM  PREDICTED  COMPO SI T I  ON *./.*♦*• 1 6 (•_•>. T 20 . 

6  24 (  *_ • ) .T46.22C > . T7 0. 26 C • _ • > 1 
DO  1200  1=1. VSC 

MR I TE ( I WRT » 1 1 20 1  (SPEC IE( I •  K  I  » K= 1.3)  *DG(  I ) • KEQ (  I  I , Q(  I ) 

1120  FORMAT! 1X.3A4.T28.F8.3.T51 .E12.5.T77.E12.5I 
1200  CONTINUE 

IFdSS.GT.OI  MRITEI  IWRT.445)  XIII 
1900  IF(ISTOP.EQ.ll  GO  TO  3000 
2000  CONTINUE 
3000  STOP 
END 


Variables  which  are  used  in  the  IMSL  subroutines  LINV1F,  LEQT1F, 
LUOAT  F and  LUELMF  are  not  included  in  this  list.  FORTRAN  default  typing 


applies  unless  otherwise  specified. 


Variable 

Description 

Units 

A  (1,0) 

elemental  abundance  matrix 

atoms  of  element  j 
molecule  of  specie  i 

ACOEF  (I) 

activity  coefficient  of  specie  i 

- 

ALEQ  (I,  J) 

matrix  containing  coefficients  in 
the  RAND  algorithm 

variable 

AMAX 

maximum  value  the  convergence 
forcer  may  attain 

- 

AMIN 

minimum  value  the  convergence 
forcer  may  attain 

- 

AXS 

activity  coefficient  correla¬ 
tion  parameter 

variable 

AO  (I) 

heat  capacity  correlation 
parameter 

kcal/g-mole-K 

A1  (I) 

heat  capacity  correlation 
parameter 

2 

kcal/g-mole-K 

A2  (I) 

heat  capacity  correlation 
parameter 

variable 

A3  (I) 

heat  capacity  correlation 
parameter 

variable 

AOZ 

inert  specie  heat  capacity 
correlation  parameter 

kcal/g-mole-K 

A1Z 

inert  specie  heat  capacity 
correlation  parameter 

2 

kcal/g-mole-K 

A2Z 

inert  specie  heat  capacity 
correlation  parameter 

variable 

A3Z 

inert  specie  heat  capacity 
correlation  parameter 

variable 

Variable 


Uni  ts 


B  (J) 

BCALC  (J) 

BK  (J) 
BLEQ  (I) 

BXS 

C 

CHMPT  (I) 
CHMPTZ 
CNVG 
COND  (3) 

D  (I,  J) 
DELH 

DELN  (I) 
DELS 
DG  (I) 

DGDL 


Description 


moles  of  element  J  specified  in  the 
system 

moles  of  element  J  as  calculated 
by  algorithm 

same  as  BCALC  (J) 

vector  containing  the  right-hand- 
side  of  the  RAND  algorithm 

activity  coefficient  correlation 
parameter 


number  of  pure  conuensed  phases 
(integer) 

chemical  potential  of  specie  i 

chemical  potential  of  the  inert 

composition  convergence  criterion 

vector  containing  the  character 
string  'CONDENSED' 


matrix  of  basis  species 


total  enthalpy  change 

change  in  moles  of  specie  i 

total  entropy  chanqe 

Gibbs  Free  Energy  change  of 
reaction  i 

change  in  system  Gibbs  Free  Energy 
with  respect  to  the  convergence 
forcer 


g-moles 

g-moles 

g-moles 

variable 

variable 

kcal/g-mole 

kcal/g-mole 


atoms  of  j 
molecule  of  i 

kcal/g-mole 

g-mole 

kcal/g-mole-K 

kcal/g-mole 

kcal/g-mole 
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Variable 

Descri ption 

Uni  ts 

DGTST  (I) 

incremental  change  in  Gibbs  free 
energy  for  specie  i 

<cal/g-mole 

DHO  (I) 

enthalpy  of  formation  of  specie  i 

kcal/g-mole 

DHOZ 

enthalpy  of  formation  of  the  inert 
specie 

kcal/g-mole 

DINV  (I,  J) 

inverse  of  matrix  D 

- 

DPRME  (I,  J) 

Gram-Schmidt  orthogonal ization  of 
matrix  D 

- 

DSO  (I) 

entropy  of  formation  of  specie  i 

kcal/g-mole-K 

DSOZ 

entropy  of  formation  of  the  inert 
specie 

kcal/g-mole-K 

E 

number  of  elements  in  the  system 
(integer) 

ELI II  (K) 

vector  containing  character  string 
of  group  III  elements 

- 

ELMNT  (J) 

vector  containing  character  strings 
of  the  elements  present  in  the  system 

- 

ELV  (K) 

vector  containing  character  strings 
of  group  V  element 

- 

EPCP2 

E  +  C  +  2  (integer) 

- 

EP3 

E  +  3  (integer) 

- 

EP3P0 

E  +  3  +  C  (integer) 

- 

FRAC  [I) 

mole  fraction  of  specie  i  in  its 
phase 

- 

FRACZ 

mole  fraction  of  inert  in  the  vapor 

- 

A  34 


Variable 


Description 


Uni  ts 


GNU  (I,  J) 

GFE 

GSTAR 


formation  reaction  coefficient  matrix  g-mole 
Gibbs  free  Energy  of  the  system  kcal/g-mole 

GFE  divided  by  RT 


IACFF  activity  coefficient  switch 

IALG  convergence  forcer  algorithm  switch 


ICMP 
ICP  (I) 

I  DATA 
IDGT 

IDIM1 

IDIM2 

id:m3 
IDEBUG 
IOXBAS  (J) 

IFILE 

INERT  (3) 


index  for  the  composition  loop 

heat  capacity  correlation  parameter 

switch  used  with  the  wrap-up  file 

number  of  significant  figures  in 
each  matrix  element 

maximum  number  of  species  allowed 
in  system 

maximum  number  of  elements  allowed 
in  system 

IDIM1  +  I D I M2 

option  to  aid  in  trouble-shooting 

vector  containing  the  index  of  each 
basis  specie 

logical  unit  designator  of  the  wrap- 
up  file 

vector  containing  the  inert  specie 
name 
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Variable 


Descri ption 


a 


IOPT 

parameter  to  allow  various  compu¬ 
tational  options 

IOUT 

number  of  pure  condensed  phases 
removed  by  subroutine  ADDRMV 

IRD 

logical  unit  designator  for  data 
input 

ISPCE  (I,  J) 

array  containing  the  original  specie 
order 

ISS 

steady  state  option  parameter 

I  STOP 

switch  which  halts  the  computation 
if  problems  develope 

ITER 

current  iteration  number  in  the 
equilibrium  calculation 

ITP 

index  for  the  temperature  and 
pressure  loop 

ITST 

parameter  which  indicates  linear 
dependence  in  the  basis  specie  matrix 

I  WRAP 

switch  used  with  the  wrap-up  file 

IWRT 

logical  unit  designator  for  data  output 

IXSCOR 

parameter  which  chooses  the  solution 
phase  activity  coefficient  model 

KEQ  (I)  equilibrium  constant  for  formation 

reaction  i  as  calculated  from  the 
Gibbs  Free  Energy  change  (real) 


LAMBDA 


convergence  forcer  (real) 


MAX  IT 


maximum  number  of  iterations  to  be 
used 


N  (I)  moles  of  specie  i  (real)  g 

total  number  of  loops  to  be  made  in 
the  composition  or  temperature  and 
pressure  loops 


Uni  ts 


moles 


NMAX 
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Variable 

Descri ption 

Uni  ts 

NS 

total  moles  in  solution  (real) 

g-moles 

NSPEC 

number  of  species  in  the  formation 
reaction 

- 

NV 

total  moles  in  the  vapor  (real) 

g-mol es 

P 

system  pressure 

Pa 

PHASE  (I,  3) 

matrix  containing  a  character  string 
to  denote  the  phase  of  each  specie 

- 

PINC 

pressure  increment  for  each  loop 

Pa 

PO 

formation  data  reference  pressure 

Pa 

Q  (I) 

equilibrium  constant  for  formation 
reaction  i  as  calculated  from  com¬ 
position 

- 

RELERR 

fractional  change  in  composition 
resulting  from  one  iteration 

- 

RELMAX 

maximum  fractional  change  in  com¬ 
position  of  all  species  resulting 
from  one  iteration 

RII1V 

vapor  phase  III/V  atomic  ratio 

- 

RT 

product  of  the  ideal  gas  constant 
and  the  temperature 

kcal/g-mole 

S 

total  number  of  species  in  the 
solution  phase 

- 

SIMF 

mole  fraction  of  silicon  species  in 
the  vapor 

- 

SI  TOT 

moles  of  silicon  species  in  the 
vapor 

g-moles 

SOLN  (3) 

vector  containing  the  character 
string  'SOLUTION' 

- 
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Variable 

Description 

Units 

SPECIE  (I,  3) 

matrix  of  character  strings  contain¬ 
ing  the  names  of  each  specie 

- 

STDCP  (I) 

standard  chemical  potential  of 
specie  i 

kcal/g-mole 

STDCPZ 

standard  chemical  potential  of  the 
inert 

kcal/g-mole 

SUM  III 

total  moles  of  group  III  atoms  in 
the  vapor 

g-mole 

SUMV 

total  moles  of  group  V  atoms  in 
the  vapor 

g-mole 

T 

system  temperature 

K 

TITLE  (K) 

vector  containing  an  80  character 
ti  tie 

- 

TINC 

temperature  increment  for  each  loop 

K 

TOTMC  (I) 

total  moles  of  pure  condensed  phase 
i  as  input 

g-moles 

TOTMOL 

total  moles  in  a  single  phase 

g-moles 

TOTMS 

total  moles  in  the  solution  phase 

g-moles 

TOTMV 

total  moles  in  the  vapor  phase 

g-moles 

TO 

formation  data  reference  temper¬ 
ature 

K 

US 

coefficient  for  the  solution  species 

- 

UV 

coefficient  for  the  vapor  species 

- 

V 

total  number  of  species  in  the  vapor 
(integer) 

- 

VAPOR  (3) 

vector  containing  the  character 
string  'VAPOR' 

- 

Variable 


Description 


Units 


WKA  work  area  for  LEQT1F 

WKA1  work  area  for  LINV1F 

XIII  group  III  specie  fraction  in  the 

steady  state  liquid  "pu^e"  condensed 
phase 

Z V  moles  of  inert  in  the  system 

ZACT  activity  coefficient  of  the  inert 


q-moles 
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A. 4  A  Description  of  the  Subroutines 

The  subroutine  calling  sequence  is  shown  in  Figure  A2.  All  of  the 
subroutines  in  MCMPEC.RAND  are  discussed  separately  in  the  following 
sections  with  the  exception  of  subroutine  ERRSET  and  the  IMSL  subroutines 
LINV1F  and  LEQT1F.  Subroutine  ERRSET  is  a  system  subroutine  which  is 
used  to  suppress  printing  of  certain  execution  time  error  messages.  This 
subroutine  may  not  be  available  at  all  computer  installations  and  therefore 
the  two  calls  to  ERRSET  may  have  to  be  removed  if  this  code  is  to  be 
implemented  on  other  systems.  The  IMSL  subroutines  are  briefly  described 
in  section  A. 4. 18. 

A. 4.1  STSTCP 

A  listing  of  subroutine  STSTCP  is  shown  in  Figure  A3.  STSTCP  calculates 
the  standard  state  chemical  potentials  for  each  specie  in  the  system.  The 
reference  state  is  the  system  temperature  T,  the  formation  pressure  PO,  and 
pure  component  in  the  phase  in  which  the  specie  is  present. 

The  pure  component  Gibbs  Free  Energy  (standard  chemical  potential)  of 
specie  i  at  temperature  To  and  pressure  Po  is: 

Pj  (T0,P0)  =  li  =  £Hf  -  T0  AS°  (1) 

For  a  system  temperature  T  the  standard  chemical  potential  of 
specie  i  is  given  by: 

U?  (T,  Po)  =  A  jHf  (To)  + 

T 


Two  heat  capacity  correlations  are  available  and  are  chosen  by  the 
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Subprogram  Structure  of  MCMPEC.RAND 


ERRSET 

Suppresses  printing  of  arithmetic 
overflow  error  messages. 


STSTCP 

Calculates  standard  chemical  potentials. 


ESTMTE 

Calculates  an  initial  estimate  to  the 
equilibrium  compositions. 


STEADY 

Inserts  a  steady  state  composition 
liquid  phase  if  ISS>0. 


IDPTEQ 

Determines  a  linearly  independent  set  of 
formation  reaction  equations. 


TESTD 

Tests  for  linear  dependencies  among 
the  basis  species. 


LINV1F 

Inverts  the  matrix  of  basis  species. 


TOTSI 

Determines  the  total  moles  of  silicon  species 
in  the  vapor  phase. 
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RATIO 

Determines  the  1 1 1/ V  atom  ratio  in  the 
vapor  phase. 


WRAPUP 

Writes  out  temperature,  pressure  and 
composition  data  when  IWRAP>0. 


ADDRMV 

Removes  pure  condensed  phases  with  small 
compositions  and  negative  incremental 
Gibbs  Free  Energies.  _  _ 


ACTCOF 

Calculates  the  species  activity  coefficients. 


RESTOR 

Restores  pure  condensed  phases  to  the  problem 
which  were  removed  by  ADDRMV. 


GIBBS 

Calculates  the  system  Gibbs  Free  Energy, 
(executed  when  IDEBUG>0). 


DEBUG 

Writes-out  intermediate  results  during  the 
iteration  process  when  IDEBUG>0. 


GIBBS 

(always  executed) 


CALCQ 

Calculates  the  formation  reaction  equilibrium 
constants  from  composition.  _  _ 


f 


TOTS  I 


RATIO 


WRAPUP 

(executed  if  IWRAi  >0). 


Figure  A3.  Subroutine  STSTCP 
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SUBROUTINE  STSTCP ( AO.A1.A2.A3.AOZ.A1Z.A2Z.A3Z.OHO.DSO.OHOZ.DSOZ. 
t  STDCP, ST DC PZ . ICP. ICPZ.T0.T.IDIM1 .V.S.C) 

C 

C  THIS  SUBROUTINE  CALCULATES  THE  STANOARO  STATE  CHEMICAL  POTENTIALS 
C  REFERENCE  STATE:  PURE  COMPONENT  (APPROPRIATE  PHASE) 

C  AT  TEMPERATURE  T. 

C 

O I  MENS  ION  AO(IOIM1),A1(IDIM1>,A2/;DIM1  )  . A3 (  I D I M 1  )  .  OHO (  IDIM 1 ) . 

&  OSO< IDIM1 ), STDCP' IDIMl).lCP(IDIMl) 

INTEGER  V.S.C.VSC 

VSC=V*S*C 

DT=T-TO 

DT2=T**2-T0**2 
0T3=T  *  *3— T  0**3 
OT4=T**4-TO**4 
DTM 1  =  1  .O/T-l  .O/TO 
OTM2= 1 .O/T/T-l .O/TO/TO 
DCNT  = ALOG( T)-ALOG(TO) 

DLNT2= ALOG1T ) **2-ALOG< TO )**2 
OTLNT  =T 4  A LOG ( T )-T0  *ALOG< TO  I 
C 

C  CHEMICAL  POTENTIALS  FOR  THE  VAPOR.  SOLUTION  AND  CONDENSED  PHASES 
C 

DO  100  l=l.VSC 

DEL H=  A  0 (  I  )  *DT>A1  (  l  )*DT2/ 2. -A  21  I  )  *DTM1 AA3I  I  )  *  I  D TL  N T-D T  ) 

DELS= A0<  I  ) *QLNTAA1  ( I  ) *07-4  21  I ) *OTM2/2 ,*A3(  I >*DLNT2/2. 

IF  (  I  "P(  I  )  .  60 . 1  I  OELH=  A  01  I  )  *D  T*A1(I)*DT2/2«AA2(  I)*DT3/3. 

C,  AA3C I  ) *DT  4/4. 

IF (  (CP(  I  ) «EQ  .1  )  DEL  S=  A  0 (  I ) *DLNT A  A 1  (  I  )*DT*A2( I ) *DT2/2. 
t  *A3< l )*DT3/3. 

ST  DCP (  I  )-DH0(  I  )AOELH-T*(DSO(  I ) ADELS) 

100  CONTINUE 

c 

C  CHEMICAL  POTENTIAL  FDR  THE  INERT  COMPONENT  IN  THE  VAPOR  PHASE 
C 

DELH=  AO  Z • D  T*  A1  Z*OT  2/2.-A2Z  *DT  M 1  A A 3 Z * < D TL NT-DT ) 

DEL  S=  AO  Z  *  OL  N  T  A  A1  Z * DT -  A 2Z *DTM 2/ 2 . A A 3Z *DLN T2 / 2 . 

IFdCP/.FQ.I  )  OELH=AOZ *DT*Al  Z » DT 2 / 2 . A A 2 Z *DT 3/ 3 . 
t  A  A  3Z  *0  T*/  4  . 

IF( ICPZ.EQ.l )  DELS=A0Z*DLMTAA1 Z * DT A A 2Z *DT2/ 2 . 
t  A  A  3  Z  *D  T  3/  3  • 

STDCPZ=OHOZADELH-T* ( DSOZ ADELS) 

RETURN 

END 
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parameter  ICP. 

These  correlations  are: 

ICP  Heat  Cc 

ipacity  Correlation 

o  Cp  (T) 

-2 

=  a0  +  a^  T  +  a2  T  +  a3  £n  (T) 

(3) 

'  CD  (T) 

=  aQ  +  T  +  a2  T2  +  a3  T3 

(4) 

Obviously  various  other  correlations  (constant,  linear,  quadratic, 
etc.)  may  be  generated  from  these  two  functions  by  simply  setting  the 
appropriate  coefficients  to  zero. 

Lines  12  through  20  calculate  the  necessary  limit  differentials 
which  result  from  performing  the  indicated  integrations  in  Equation  2 
using  the  heat  capacity  correlations  in  Equations  3  and  4.  The  integrals 
are  evaluated  as  DELH  and  DELS  and  the  standard  chemical  potential  for 
each  specie,  STDCP ( I )is  then  calculated. 

A. 4. 2  ESTMTE 

A  listing  of  subroutine  ESTMTE  is  provided  in  Figure  A4.  ESTMTE 
simply  calculates  the  number  of  moles  of  each  specie  from  the  specie 
mole  fraction  and  the  total  number  of  moles  in  the  phase.  ESTMTE  is 
provided  as  a  subroutine  to  allow  the  inclusion  of  an  algorithm  which 
will  yield  an  estimate  to  the  equilibrium  composition  and  therefore  reduce 
the  number  of  iterations  required  to  obtain  convergence.  Currently  the 
inlet  composition  is  used  as  this  initial  estimate. 

A. 4. 3  STEADY 

Subroutine  STEADY  inserts  a  pure  condensed  phase  into  the  system  in 
order  to  model  a  1 1 1 - V  liquid  solution  with  a  steady  state  composition. 

The  composition  of  this  liquid  is  that  which  would  exist  at  equilibrium 


A45 


FIGURE  A4 .  Subroutine  ESTMTE 


1  SUBROUTINE  ESTMT £(  TOT* V. TOTMS. TOTMC • FR AC . N , FRAC Z « Z V . I D I  Ml  . 

2  6  V.S.CI 

3  C 

4  C  THIS  SUBROUTINE  CALCULATES  AN  INITIAL  ESTIMATE 

5  C  TO  THE  SYSTEM  EQUILIBRIUM  COMPOSITIONS 

6  C 

7  DIMENSION  TOTMCI IDIM1 l.FRACI IDIM1 ) 

S  INTEGER  V.S.C.VS.VSI . VSC 

9  REAL  NIIOIMl ) 

10  VS=V>S 

11  VSi=VS*l 

12  VSC=V«-S*C 

13  TOTMOL=TOTMV 

14  DO  50  Is  1. VS 

15  IF(I.GT.V)  TOTMOL=  TOTMS 

16  N( I l=TOTMOL*FRACl I ) 

17  50  CONTINUE 

18  ZV=FRACZ*TOTMV 

19  IF(C.EQ.O)  RETURN 

20  DO  60  IsVSl.VSC 

21  N( I >=TOTMC( I  I 

22  60  CONTINUE 

23  RETURN 

24  END 
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with  the  stoichiometric  1 1 1 - V  solid  at  the  system  temperature.  This 
subroutine  is  invoked  when  ISS>0,  a  Ga/As  liquid  phase  being  inserted 
for  ISS  =  1  and  an  In/P  liquid  phase  for  ISS  =  2.  This  ohase  is  inserted 
as  the  last  pure  condensed  phase  in  the  system  (specie  V+S+C). 

A  solid  liquid  equilibrium  model  for  a  binary  liquid  with  the  mole 
fraction  of  group  V  specie  designated  as  X  in  obtained  by  writing  the  following 
reactions. 


(l-x)III(s) 
xV  (s) 

(l-x)IHU)  +  x  V  U) 


(l-x)III(O 
x  V  U) 

mi-x  Vx 


(1) 

(2) 

(3) 


(l-x)III(s)  +  x  V  (s)  =  III^  Vx  U)  (4) 

Reaction  4,  which  is  the  sum  of  the  previous  three  reactions,  represents  the 
formation  of  a  liquid  solution  having  a  composition  (l-X)III  and  x  V. 

The  Gibbs  Free  Energies  of  reactions  1  and  2  are  simply  those  due  to 


melting  at  Tm  corrected  for  the  temperature,  T,  of  the  solution. 


AG-|  =  (1-x) 


AS 


III  ,TIII 


m 


(T 


.III 


III 


Tin 


-  T)  +  ACp  (T-T^  -  T  in  _HL  ) 


(5) 


AG, 


ACV  ,,V  .  ,rV  ,T  XV 

ASm  Tm  -  T>  +  ACP  (T  '  Tm 


T 


£n 


(6) 


where  it  has  been  assumed  that  ACp  ,  the  difference  between  the  liquid  and  solid 
heat  capacities,  may  be  approximated  as  a  constant. 

The  Gibbs  Free  Energy  of  reaction  3  is  that  due  to  the  mixing  of  the 
group  III  and  V  liquids.  This  free  energy  consists  of  an  ideal  free  energy 
of  mixing  (comprised  of  a  configurational  entropy  term)  and  an  excess  Gibbs 
Free  Energy  term  due  to  nonidealities.  Applying  a  simple  solution  theory 
model  for  the  excess  Gibbs  Free  Energy  yields  [4]: 
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AG3  =  RT  [  x  in  X  +  (1-x)  £n  (1 -x ) ]  +  (Ax$  +  Bxs  T)  x  (1-x)  (7) 

The  Gibbs  Free  Energy  of  the  liquid  solution  represented  by  reaction 
4  is  therefore  given  by: 

AG^  =  AG-j  +  AG2  +  AG^  (8) 

Determination  of  the  mole  fraction  of  group  V  atoms  in  the  melt,  X, 
is  accomplished  by  solving  the  implicit  equation  developed  by  Veiland  [10] 
modified  to  include  a  simple  solution  rather  than  a  regular  solution  model. 

T  .  TrV  aS“‘V  ■  flxs  <2*  -  (9) 

4SIIIV  -  R  In  4x( 1 -x)  *  B  ,  (2x-2x2-0.5) 

m  xs 

The  thermodynamic  constants  necessary  for  the  evalution  of  equations 
8  and  9  are  listed  in  Table  A. 3.  Figures  A5  and  A6  demonstrate  how  well 
the  theory  predicts  the  liquidus  temperature  in  the  Ga/As  and  In/P  systems. 


Table  A. 3 

Thermodynamic  Data  for  the  Ga/As  and  In/P  Systems. 


AS 

m 

Tm 

acp 

\s 

Bxs 

(cal/g-mole-k) 

M 

(cal/g-mole 

-K)  (cal/g-mole) 

(cal/g-mole-K) 

Ga 

4.41 1 

302.9 

-0.05 

As 

4.7 

1090 

1.0 

4666 

-8.74! 

GaAs 

16.64 

1511 

0 

J 

In 

1.815 

429.8 

-0.2 

P 

0.5011 

313.3 

0.47 

32750 

-23.95 

InP 

10.81 

1332.2 

9 
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A  listing  of  subroutine  STEADY  is  shown  in  Figure  A7.  Lines  16 
and  17  define  a  statement  function  which  corresponds  to  the  right  hand 
side  of  Equation  9.  Hollerith  strings  are  assigned  to  the  specie  identifier 
matrix  in  lines  19  through  21.  The  melting  temperature,  entropies  and 
excess  Gibbs  Free  Energy  correlation  parameters  for  the  Ga/As  and  In/P 
systems  are  assigned  in  lines  29  through  54. 

An  "interval  halving"  root  finding  algorithm  for  solving  the  implicit 
equation  is  located  at  lines  57  through  80.  The  iteration  is  considered 
to  have  converged  when  the  two  sides  of  the  equation  differ  by  less  than 
0.01%. 

The  standard  state  chemical  potential  of  the  liquid  solution  is 
calculated  in  lines  86  through  91.  Finally,  the  elemental  abundance 
matrix  is  assigned  the  appropriate  values  which  reflect  the  elemental 
composition  of  the  liquid  solution  in  lines  93  through  107. 

A. 4. 4  IDPTEQ 

Subroutine  IDPTEQ  constructs  a  set  of  linearly  independent  formation 
reaction  equations  for  the  species  in  the  system  and  then  calculates  the 
equilibrium  constants  for  each  of  these  reactions  from  the  Gibbs  Free 
Energy  change  of  each  reaction.  A  flowsheet  and  a  listing  of  this 
subroutine  are  shown  in  Figures  A8  and  A9  respecti vely . 

Lines  15  through  33  construct  a  matrix  D  which  contains  a  linearly 
independent  set  of  basis  species  using  an  algorithm  similar  to  that  of 
Cruise  [6].  A  matrix  GNU,  which  contains  the  stoichiometric  coefficients 
of  all  of  the  formation  reactions,  is  then  calculated  in  lines  39  through 
57  using  the  relation 

GNU  =  A  D'1  (1) 
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Figure  A7.  Subroutine  STEADY 


1  SUBROUTINE  STEADY ( SPECIE.A.STDCP.ELMnT.XII  I.T.TO.V.S.C.IDIM!  . 

2  C  IO IM2 ,  ISS.  I*RT  » 

3  C 

♦  C  SUBROUTINE  TO  CALCULATE  the  SOLID-LIQUID  EQUILIBRIUM  COMPOSITIONS 

5  C  FOR  USE  IN  THE  STEADY-STATE  APPROXIMATION  IN  THE  SOURCE  ZONE 

6  C 

7  C  ISS  SYSTEM 

8  C  I  GAIL  l-ASCL  I/GA-AS  <S> 

9  C  2  INIL >-P( LI /IN-P  IS! 

10  C 

11  DIMENSION  A!  IDIM1.  I01M21 .STDCP!  IDIM1  I 

12  INTEGER  SPECIEfIOIMl.3 )♦ ELMNTI IDIM2I.IIIEL(?1,VSL!2).V.S,C.VSC. 

13  t  LAST/*  1  — X)*/#G  A/  •GA'/iAS/'ASV.lN/*  IN'  /»  P/'  P*  / 

14  DATA  III EL ( 1 ) /*  GAX • / . I  I  I  ELI  2  I /•  INX*/. 

15  fr  VEL(  1 >/ *-AS< • /. VEL< 2  I /• -  PI*/ 

1 6  THETA2! XV )=!  TMI I  IV  *DS IIIV-AXS*!0.5-XV**2-!1.-XV)**2)>/ 

17  t  ( DS I  I  I  V— R  *AL0G!4.*XV*(1  .-XV)  )f8XS*(  0.5-XV**2-I 1  «-XV)**2)  ) 

18  VSC=V+S*C 

19  SPECIE! VSC*1 1=11 IELIISS1 

20  SPECIE! VSC.21=VEL! ISS1 

21  SPECIE!VSC.3 »=LAST 

22  OT=T-TO 

23  DT2=T4*2-T0**2 

24  DTM1 = 1 • 0/T— 1 . 0/T  0 

25  0TM2=1 .0/T**2-1.0/T0**2 

26  DLNT=ALOG! T/TOI 

27  IF ! I S S • EQ •  2  )  GO  TO  50 

28  C 

29  C  GA-AS  SYSTEM 

30  C 

31  TMIII=302.9 

32  TMV=I 090 • 

33  TMI I  I V=1 511* 

34  OSII 1=0.004411 

35  DSV=0 • 0047 

36  DSI I  I V=0. 01664 

37  OCI I I=-0. 00005 

38  DCV=0.00l 

39  AX  S=  4 • 666 

40  BXS=-0. 00874  I 

41  GO  TO  60 

42  C 

43  C  IN-P  SYSTEM 

44  C 

45  50  TMI I I =429 • 8 

46  TMV  =  317.3 

47  TMIUV=1343.2 

48  DSII 1=0.00185 

49  OSV=0. 000498 

50  DSI I l V=0. 0152 

51  DC  I  I  I =-0.0024 

52  DCV=0. 000592 

53  A  X  S=  0  •  0 

54  BXS=0 . 0 
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62 

63 
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74 

75 
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77 

78 

79 

80 
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87 

88 

89 

90 

91 

92 

93 

94 
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60  CONTINUE 


BINARY  ROOT  FINDING  ROUTINE  FOR  THE  GROUP  III  AND  V  COMPOSITIONS 


XV=0 • 5 
XM I N=  0 • 0 
XMA  X  = 1 .0 
R=0. 0019872 
THETA 1=T 
XOLO=0.4 

THTOLD=THETA2t  XOLD 1 
DO  100  1=1*50 
THET2  =THET  A2{ XV) 

ERR=( THE T2— THETA  1 ) /THETA  1 
IF< ABSIERR ) .LT. 0.0001 )  GO  TO  200 
S*fTCK=t  THET2-THTOLD  ) /<  XV-XOLD) 

THTOLO=T  HET  2 
XOLO=XV 

IFISWTCH.GT.0.AND.THET2.LT .THETA1 ) 

I F  (  SIITCH.LT  .  0  .  AND.  THET2.GT  .THETA!  ) 

XMAX=X V 

XV=0.5*t XMIN+XV) 

GO  TO  100 
XMIN=XV 

XV=0.5*I XMAX+XV) 

CONTINUE 
•RITE!  IWRT. 120) 

FORMAT 1*0* *******  SUBROUTINE  STEADY:  ITERATION  FOR  SOURCE  • 
6  'COMPOSITION  OID  NOT  CONVERGE* > 

200  CONTINUE 


GO 

GO 


TO 

TO 


80 

80 


80 


100 

120 


CALCULATE  THE  STANDARO  CHEMICAL  POTENTIAL  OF  THE  SOURCE  SOLUTION 


OGA=C  1. 0-XV )*(DSIII*ITM III -T>+ DC III*IT-TMIII-T*A LOGIT/ TM III))) 
DGB=XV * (  OS V*  I  TMV— T  )*OCV*(  T-TMV-T  *ALOG<  T/TMV)  )  ) 

DGC=( AXSFBXS  *T I *  XV  *t  l.-XV)+R*T*(XV*ALOG<XV>*(l.-XV>*ALOG(l.-XV)> 
STOCPI  VSC  )=DGA«-DGB«-DGC 


LOCATE  THE 
AND  INSERT 


GROUP  III  AND  V  ELEMENTS  IN  THE  ELEMENTAL  ABUNDANCE  AR  R  A ' 
THE  CALCUALATED  ABUNDANCES  INTO  THIS  ARRAY 


96 

IDX3=0 

97 

I DX5=0 

98 

DO  300  1=1 • I DI M2 

99 

IF  I ISS.EQ.2 )  GO  TO 

250 

100 

IFIELMNTI I ) • EQ*G A) 

10X3=1 

101 

IFIELMNTC I  )  .EO.AS) 

10X5=  I 

102 

GO  TO  300 

103 

250 

IFIELMNTI I ) . EQ. IN) 

I DX  3=  I 

104 

IFIELMNTI  I  )  .EQ.P) 

10X5=1 

105 

300 

CONTINUE 

106 

A!  VSC  •  IDX3  )  =  1  .0-XV 

107 

At  VSC •  IOX5  >  =  XV 

108 

XI  1 1*1 *o-xv 

109 

return 

110 

END 

Flowsheet  for  Subroutine  IDPTEQ 


Figure  A9.  Subroutine  IDPTEQ 


SUBROUTINE  I OPTEQ{ A , O . DPRME . D I N V , S T DC p . GNU .  I  0 X B A S , KE 0 . WK  A , 00 , 

C  RT  ,  I  D  l  M!  »IO/M2tV,S*C«r»  IWPT) 

THIS  SUBROUTINE  DETERMINES  A  SET  OF  LINEARLY  I  NO- °E ND  EN  T  RE  AC  T I  ON  EC 
AND  CALCULATES  THE  EQUILIBRIUM  CONSTANTS  FOR  TrlES-  REACTIONS  FROM  TH 
GIBBS  FREE  ENERGY  CHANGE  OF  EACH  REACTION. 

DOUBLE  PRECISION  D . DPRME . D INV , * < A 

DIMENSION  D!IDIM2sIDIM21.DPRME(IOIM2.IDIM21.DINV(IOIM2.IDIM2). 

&  WKA(  IOl M2  1 .  IDXBASI  I DI M2  1 .  STOCP(  lOIMll.DGIIDlMll, GNU I10IM1.IDIM21 
&  ACIDIMl .IDIM21 
REAL  KEQ!  I  D  I  Ml  I 
INTEGER  V.S.C.E.VSC 
VSC=V*S+C 

BUILD  THE  D  MATRIX  WHICH  WILL  CONTAIN  THE  LINEARLY  INDEPENDENT  BASIS 


DO  100  J= 1 »  E 
DPRME ( 1 , Jl=Al 1 ,  J1 
100  CONTINUE 
MA=0 

DO  200  MD=1.E 

140  MA=MAF1 

I F ( MA • GT . VSC  >  GO  TO  250 
DO  150  J=1 »E 
D(  MD. J1  =  AI MA  .  Jl 
150  CONTINUE 

IDXBASI MD)=HA 
lFIMD.EQ.il  GO  TO  200 

CALL  TESTOIO, DPR  ME  *  MO  »  E.  ID  I  M2,  IT ST ) 

IFI  ITST.EQ  .0  )  GO  TO  140 
200  CONTINUE 
GO  TO  280 

250  WRITE! IWRT, 2601 

260  FORMAT 1*0*. ******  A  COMPLETE  SET  OF  BASIS  SPECIES 
&  • FOUND  IN  SUBROUTINE  IDPTEQ* 1 

280  CONTINUE 


COULD  NOT 


INVERT  MATRIX  D  USING  IMSL  SUBROUTINE  LINV1F 
AND  CALCULATE  THE  REACTION  COEFFICIENT  MATRIX  GNU 

IDGT  =  4 

CALL  LINVIFIO.E.  ID  I  M2 , D I NV , I DGT , WK A ,  IER1 
IF! IER.EQ. 34  1  WR  I TE (  I  WRT , 3 1 0 1  IDGT 
310  FORMAT! • 0* .* *****  ACCURACY  TFST  FAILED  DURING  MATRIX  INVERSION 
&  •  I N  SUBROUTINE  IDPTEQ....  I DGT  =  •  ,  121 

IFI IER.EQ. 1291  W RI TE ( I WR T, 320 1 

320  FORMAT! • 0* .* *****  MATRIX  D  IS  SINGULAR  IN  SUBROUTINE  IDPTEQ* > 
DO  400  1=1 .VSC 
DO  400  J=1.E 
TEMP-0.0 
DO  350  JJ=1,E 

TEMP  =  TEMPf A!  I  .  JJ 1*0 INV I J J . J 1 
350  CONTINUE 
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GNU( I ,J)=TEMP 
*00  CONTINUE 

c 

C  CALCULATE  THE  EQUILIBRIUM  CONSTANTS  EOR  THE  FORMATION  REACTIONS 
C 

OO  500  1=1 , VSC 
ARG=< -1 .0 ) ASTOCPI  I  ) 

OO  *50  K=1,E 
10X8= IOXBASI K) 

ARG=ARG+GNU{  I , K ) *S TDC P ( I  OX B » 

♦50  CONTINUE 

DG< I >  =(  — 1  .01 *ARG 
ARG=  ARG/RT 
KEQ< I  ) =E  XP ( ARG I 
500  CONTINUE 
RETURN 
END 


<1  i 
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The  equilibrium  constants  for  each  reaction  are  then  calculated  in  lines 
58  through  70  by 


eqi 


=  EXP 


(  l  v  u°  -  up  /  RT 
j=l  ij  J 


(2) 


o 

Where  Pj  is  the  standard  chemical  potential  of  basis  specie  j  and 
Y ■ •  is  the  stoichiometric  coefficient  of  basis  specie  j  in  formation 

J 


reaction  i . 


A. 4. 5  TESTD 


Subroutine  TESTD  tests  the  rows  of  the  D  matrix  for  linear  inde¬ 
pendence  by  building  a  Gram-Schmidt  orthogonal i zed  matrix  DPRME  from 
D.  The  Gram-Schmidt  orthogonalization  procedure  essentially  subtracts 
away  the  projection  of  all  the  rows  in  the  matrix  which  are  above  the 
row  being  orthogonal ized.  If  the  resulting  orthogonal i zed  row  is  composed 
of  all  zeros  then  this  row  was  linearly  dependent  upon  at  least  one  of 
the  above  rows  in  the  matrix.  The  equations  used  to  construct  matrix 
DPRME  from  matrix  D  are  [7]: 


I 


du 


■  I 

£=1 


^ik  d£k 


(1) 

(2) 


Where:  i=2,3, . m^  =  row  index 

j  =  1,  2,...  E  =  column  index 

'■'j  =  current  row  index  in  matrix  D 

E  =  total  ~  of  elements  in  the  system 


d. d-.  are  matrix  elements  in  DPRME  and  D  respectively. 
J  ^  J 
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A  listing  of  TESTD  is  provided  in  Figure  A10. 

A. 4. 6  ADDRMV 

During  the  iterative  calculation  to  determine  chemical  equilibrium 
it  is  possible  that  pure  condensed  phases  may  be  entirely  consumed. 

This  situation  will  cause  an  entire  row  in  matrix  ALEQ  (subroutine  RAND) 
to  fill  with  zeros  and  therefore  this  matrix  becomes  singular.  In  order 
to  aiiow  the  iterations  to  continue  these  zero  composition  pure  condensed 
phases  must  be  removed  from  the  calculation  and  the  ALEQ  matrix  is  then 
reconstructed  without  them.  As  the  calculation  proceeds  it  is  necessary 
to  test  the  zero  composition  pure  condensed  phases  at  each  iteration  to 
see  if  they  should  be  reinstated  since  the  disappearance  of  a  phase  may 
be  only  a  temporary  occurance  as  a  result  of  the  path  taken  to  reach 
equilibrium.  Phases  with  negative  incremental  values  of  Gibbs  Free 
Energy  are  reinserted  into  the  calculation  since  their  presence  lowers 
the  Gibbs  Free  Energy  of  the  entire  system. 

A  listing  of  subroutine  ADDRMV  is  shown  in  Figure  All.  Lines  14 
through  27  set  to  zero  the  composition  of  any  pure  condensed  phase  which 
has  less  than  one  molecule  present.  An  incremental  Gibbs  Free  Energy  is 
calculated  for  each  of  the  zero  composition  pure  condensed  phases  at 
lines  28  through  32.  The  incremental  Gibbs  Free  Energy,  DGTST(I),  is 
given  by  [8]. 

DCTSTi  =  -  jj  aij  "j  0) 

Where  *j  is  a  Lagrange  multiplier  determined  from  the  solution  of  the 
matrix  problem  in  subroutine  RAND,  a.,  is  defined  in  section  A. 5  and  E 
is  the  number  of  elements  in  the  system. 


Figure  A10.  Subroutine  TESTD 


SUBROUTINE  TESTDID.OPR ME. MD. E, ID  I  M2. ITST ) 

THIS  SUBROUTINE  TESTS  THE  0  MATRIX  FOR  LINEAR  DEPENDENCE 
USING  A  GRAN- SCHMIDT  ORTHOGONAL I Z AT I  ON  ALGORI THUN 

DOUBLE  PRECISION  D , DPR ME , ANUM. OENOM 
DIMENSION  Dt  I  DIM 2. ID IM2 ) *  DPR ME ( IOIM2.IDIM2) 

INTEGER  E 
ITST=0 

DO  100  J=  1  •  E 
DPRMEIMD.  J  >=D(MD.J> 

100  CONTINUE 
MDMl  =  MD- 1 
DO  400  L= 1 .MDM1 
DENOM=0 • 0 
%  ANUM=0 .0 

DO  200  K=1.E 

ANUM=  ANUM+D ( MD. K ) *  DPR ME  (  L  «  K  ) 

DENOM=DENOM*DPRMElL.KI**2 
200  CONTINUE 

DO  300  J=1 .E 

OPRMECMD. J)=DPRME(MD. J)-DPRME(L. J ) 4ANUM/DENOM 
300  CONTINUE 
400  CONTINUE 

DO  500  J=1 .E 

IF(DABS(DPRME(MD. J) ).GT. 1.0E-5I  ITST=ITST*1 
500  CONTINUE 
RETURN 
END 


% 
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Figure  All.  Subroutine  ADDRfiV 


1  SUBROUTINE  AOORMVC A , N, OGTST. STDCP. BLEQ , SPEC  I E • DELN , VPSP1  . 

2  fr  VSC.E.C. EPCP2, IOUT, IDIM1 , IDI M2. IDIM3) 

3  C 

♦  C  SUBROUTINE  TO  ADO  OR  REMOVE  PURE  CONDENSED  PHASES 

5  C  IN  THE  EQUILIBRIUM  CALCULATION  BASED  ON  THE  INCREMENTAL 

6  C  GIBBS  FREE  ENERGY  OF  THESE  PHASES 

7  C 

S  DOU8LE  PRECISION  BLEQ( I0IM3) 

9  DIMENSION  A( IDIM1.  IDIM2 ) . OELN( I  DIM l ) .DGTSTC IDI Ml | ,STDCP( ID  I  Ml  ) 

10  REAL  Nl IDIM1 ) 

11  INTEGER  SPEC IE( IOIM1.3 )  . VP  SP1 • VSC  »  E»  EPCP2.C 

12  INOEX=0 

13  I OUT =  0 

14  C 

ISC.  ZERO  THE  COMPOSITION  OF  ANY  PURE  CONDENSED  PHASE  WHICH  CURRENTLY 

16  C  HAS  LESS  THAN  ONE  MOLECULE  I1.65E-24  G-MOLES)  PRESENT. 

17  C  DETERMINE  THE  INCREMENTAL  CHANGE  IN  GIBBS  FREE  ENERGY 

18  C  FOR  EACH  OF  THESE  ZERO  COMPOSITION  PURE  CONDENSED  PHASES 

19  C 

20  DO  SO  1  =  1  .VSC 

21  D6TST<I)=0. 

22  50  CONTINUE 

23  IFIC.EQ.O)  GO  TO  SO 0 

24  DO  200  I=VPSP1.VSC 

25  IFINC I  l.GT.l .65E-24*  GO  TO  200 

26  I OUT* I OUT +1 

27  Nil 1=0 .0 

28  DELN(I)=0.0 

29  OGTST ( I l=STDCP» I ) 

30  DO  100  J=1 ,E 

31  DGTSTf I l=DGTST< I 1-AC 1 • J ) ABLE  Qf J ) 

32  100  CONTINUE 

33  IFIDGTSTI I 1.LT.0.0 I  INDEX=I 

34  200  CONTINUE 

35  IFI INDEX.EQ.O)  GO  TO  400 

36  C 

37  C  FIND  THE  ZERO  COMPOSITION  PURE  CONDENSED  PHASE  WITH  THE  SMALLEST  NE 

38  C  INCREMENTAL  GIBBS  FREE  ENERGY  AND  ADO  ONE  MOLECULE  OF  IT 

39  C  INTO  THE  EQUILIBRIUM  CALCULATION 

40  C 

41  OGMIN=OGTST< INDEX) 

42  DO  300  I=VPSPl.VSC 

43  IF(N( I l.GT.l .65E-24)  GO  TO  300 

44  IFI OGTST ( I ) . GT .0.0 .OR. OGTST (I).LT.OGMIN)  GO  TO  300 

45  I NOE  X= I 

46  OGMIN=OGTST< I) 

47  300  CONTINUE 

48  N< INOEXI* 1 .66E-24 

49  IOUT  = I OUT— 1 

50  400  CONTINUE 

51  C 

52  C  REMOVE  PURE  CONDENSED  PHASES  WITH  ZERO  COMPOSITION 

53  C  AND  SHIFT  NONZERO  PURE  CONDENSED  PHASES  UP  IN  THE  ARRAYS 

54  C 
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55  00  500  I=VPSP1.VSC 

56  IF(NI I > .GT.l .65E-24)  GO  TO  500 

57  IP!  =  H-t 

53  IF!  IP1  •GT.VSO  IP|=VSC 

59  OO  450  IJ=IPl.VSC 

60  IF!N! IJI.LT.1.65E-24)  GO  TO  450 

61  TMPWAR=N< I ) 

62  N( I ) =  N  ! I J ) 

63  N! I J)=THPVAR 

64  TMPVAR=STDCP! II 

65  ST0CP( I l=STDCP! I Jl 

66  STDCP ( IJ»=TMPVAR 

67  TMPVAR=DELN! I ) 

68  OECNC  I  )=DEl_N!  I  J) 

69  DELN! I J>=TMPVAR 

70  DO  420  J=1 .E 

71  TMPVAR=A( I . Jl 

72  A! I. J|=A( I J« Jl 

73  A! IJ. J)=TMPVAR 

74  420  CONTINUE 

75  OO  430  K=1 .3 

76  ITMPV=SPECIE< I.K» 

77  SPECIE!  I.K»=SPECIE!  IJ.KI 

78  SPECIE! I J.K)=ITMPV 

79  430  CONTINUE 

80  GO  TO  50 0 

81  450  CONTINUE 

82  500  CONTINUE 

83  C*C-IOUT 

84  VSC=VSC— I OUT 

85  EPCP2=EPCP2-IOUT 

86  RETURN 

87  END 
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The  zero  composition  pure  condensed  phase  which  has  the  smallest 
negative  incremental  Gibbs  Free  Energy  is  determined  in  lines  36  through 
50  and  one  molecule  of  it  is  inserted  into  the  calculation.  This 
treatment  allows  pure  condensed  phases  to  be  reinserted  in  the  calculation 
while  minimizing  any  perturbation  between  iterations. 

Lines  51  through  85  reformulate  the  equilibrium  problem  without  the 
zero  composition  pure  condensed  phases  by  eliminating  these  phases  from 
matrix  ALEQ.  The  elimination  is  achieved  by  shifting  the  data  in  these 
phases  to  the  last  positions  in  arrays  A  and  SPECIE,  and  in  vectors  N, 
DELN,  and  STDCP.  The  value  of  C,  VSC  and  EPCP2  are  then  reduced  to 
reflect  the  number  of  phases  which  were  removed. 

A. 4. 7  ACTCOF 

A  listing  of  subroutine  ACTCOF,  which  calculates  the  activity  coef¬ 
ficients  for  each  specie,  is  shown  in  Figure  A12.  Initially  all  of  the 
activity  coefficients  are  set  to  unity.  The  iteration  process  for  the 
equilibrium  composition  proceeds  under  this  assumption  of  an  ideal 
system  until  RELMAX,  the  convergence  test  parameter,  becomes  less  than 
0.1.  At  this  point  three  options  become  available  for  the  solution 
phase.  The  first  option  (IXSCOR  =  0)  simply  assumes  an  ideal  solution 
phase.  The  second  option  (IXSCOR  =  1)  treats  the  solution  phase  using 
simple  solution  theory  and  is  applicable  to  binary  solutions  only.  The 
activity  coefficient  for  specie  i  is  given  by: 

Yi  =  exp  [  (Axs  +  Bxs}  (1_Xi)2  '  RT  ]  (1) 

The  third  option  (IXSCOR  =  2)  allows  the  first  specie  in  the  solution 
phase  to  have  an  activity  coefficient  described  by  Henry’s  constant,  H. 


Figure  A12.  Subroutine  ACTCOF 


1  SUBROUTINE  ACTCOF! N , ACOEF . ZACT • I  0  I  Ml  , I XSCOR *  AX S, B X S, T , V . S , C . 

2  &  I ACFF, RELMAX > 

3  C 

4  C  SUBROUTINE  TO  CALCULATE  ACTIVITY  COEFFICIENTS  FOR  EACH  COMPONENT 

5  C 

6  C  I XSCOR  AtGORITHUM 

T  C  t  BINARY  SIMPLE  SOLUTION  THEORY  GE= ( AXS+BX S*T ) *X 1 *X2 

8  C  2  HENRY • S  CONSTANT  FOR  THE  FIRST  SOLUTION  SPECIE  H=A XS *E XP ( B XS 

9  C 

10  01 MENS  ION  ACOEF!  I0IM1) 

It  REAL  N ( I O I Ml ) • NS 

12  INTEGER  V, S. C , VP1 . VPS , VSC 

IS  VP1=VM 

14  VPS=V*S 

15  VSC=V*S*C 

16  ZACT=I,0 

17  DO  100  1*1 .VSC 

18  ACOEF ( I )=1 .0 

19  100  CONTINUE 

20  ■-  IFIRELMAX.LT. 0.1 »  I ACF  F— 1 

21  IF ( IXSCOR.EQ . 2 )  IACFF=1 

22  IF ( IXSCOR.LT • 1 .OR. I XSCOR. GT .2.0R.S.LE. 1 )  IACFF=0 

23  IF  I IACFF. EO.O >  GO  TO  900 

24  RT=0. 0019872*7 

25  NS=0.0 

26  DO  150  I=VP1.VPS 

27  NS=NS+N!I) 

28  150  CONTINUE 

29  IF! IXSCOR.EQ. 21  GO  TO  200 

30  C 

31  C  BINARY  SIMPLE  SOLUTION  THEORY 

32  C 

33  XI*NCVPI»7NS 

34  X2=1.0-X1 

35  ARG1 = I AXS*BXS*T I *X2*32/RT 

36  ARG2= I AXS+BXS*  T)*X!**2/RT 

37  ACOEF I  VP  1 I=EXP(ARG1  ) 

38  ACOEF! VPSI=EXP!ARG2» 

39  GO  TO  900 

40  C 

41  C  HENRY • S  CONSTANT  FOR  THE  FIRST  SOLUTION  SPECIE 

42  C 

43  200  ACOEF ( VP1 ) =A  XS*E  XP I BXS/T ) 

44  900  RETURN 


Vl  =  H  =  Axs  exp  [  Bxs/T^  (2) 

The  vapor  phase  is  always  assumed  to  be  ideal. 

A. 4. 8  RAND 

Subroutine  RAND,  shown  in  Figure  A13,  calculates  a  step  change  in 
each  specie  composition  using  the  Rand  algorithm  developed  in  section 
A. 5.  This  subroutine  is  used  to  solve  the  set  of  linear  equations  described 
by  equations  17,  21,  22  and  23  in  section  A. 5.  Details  of  the  matrix 
formulation  are  shown  in  Figures  A14  and  A15. 

Matrix  ALEQ  is  filled  in  accordance  with  Figures  A14  and  A15  in 
lines  26  through  105.  Lines  106  through  175  fill  vector  BLEQ.  The 
matrix  problem 

ALEQ-X  =  BLEQ  (!) 

is  then  solved  in  line  182  using  the  double  precision  version  of  IMSL 
routine  LEQT1F.  Warning  messages  are  written  out  from  lines  183  to  193 
if  matrix  ALEQ  is  algorithmically  singular  or  if  less  than  three  sig¬ 
nificant  figures  are  present  in  the  solution  vector.  Parameter  ISTOP  is 
set  to  unity  if  matrix  ALEQ  is  found  to  be  algorithmically  singular  (IER 
=  129).  The  value  of  ISTOP  is  tested  in  the  main  program  at  line  369 
and  execution  is  halted  if  ISTOP  =  1. 

In  order  to  save  on  storage  space  the  solution  vector  X  is  actually 
returned  in  BLEQ.  Lines  201  through  238  determine  the  fin^  values  from 
the  solution  vector  and  assign  them  to  their  appropriate  position  in  the 
DELN  vector. 


Figure  A13.  Subroutine  RAND 


1  SUBROUTINE  R AND ( A . B , BK . N , DEL N, STOC P . ALEQ * BLEQ. W< A , ACOEF , 

2  t  ZACT ,V .S.C.E . VSC.EPCP2. I DIM1 . IOI M2. ID IM3, I TCR, PO. 

3  6  P. ZV. I  STOP, IWRT, IOEBUG. IWRAP) 

4  C 

5  C  RAND  ALGOR  I THUM  TO  MINIMIZE  THE  GIBBS  ENERGY  OF  A 

6  C  MULTIPHASE.  MULTICOMPONENT  SYSTEM  CONTAINING  A  VAPOR  PHASE  INERT 
T  C 

8  C  ************************************************************* 

9  C  *  DOUBLE  PRECISION  IS  USED  TO  EVALUATE  T HE  MATRIX  PROBLEM  * 

IOC  ************************************************************* 

11  C 

12  DOUBLE  PRECISION  ALEQI  ID IM3.  ID  I M3 1 . BLEQ ( IDI M3 ) . WKA { I D I  M3 ) . 

13  &  US.UV.TMPVAR 

14  DIMENSION  A I IDIM1, I0IM2),B( IDIM21.BKI IDIM2). DELN (IDIM1). 

15  C  STDCPC  ID  IMI  )• ACOEFC IDIM1  ) 

16  INTEGER  V , S . C. E, VSC . f PCP2 . VPS • VP1 , EP3. EP 3PC. 

17  C  VPSP1 

18  REAL  Nl IDIM1 I.NV.NS 

19  ISTOP=0 

20  VPS=V*S 

21  VPSP1=V*S*1 

22  VP1=V*1 

23  EP3=E*3 

24  EP3PC=E*3*C 

25  50  CONTINUE 

26  C 

27  C  ZERO  MATRIX  ALEQ  BEFORE  ASSIGNING  VALUES 

28  C 

29  OO  100  1=1 .EPCP2 

30  OO  100  J=1,EPCP2 

31  ALEQI  I  •  J  )=  0. 

32  100  CONTINUE 

33  C 

34  C  FILL  THE  UPPER  E  ROWS  OF  MATRIX  ALEQ  FROM  EQUATION  21 

35  C  THE  FIRST  E  COLUMNS  ARE  THE  LAGRANGE  MULT IPL I ER  COEFFICIENTS 

36  C 

37 

38 

39 

40 

41 

42  130 

43 

44  140 

45  C 

46  C  COLUMNS  E+l  AND  E+2  IN  MATRIX  ALEQ  ARE  THE 

47  C  COEFFICIENTS  FOR  VARIABLES  UV  ANO  US  RESPECTIVELY 

48  C 

49  IEP1=E*1 

50  IEP2=E*2 

51  TMPVA  R=0 . 

52  DO  150  K= 1 , V 

53  TMPVAR=TMPVAR*AI K,  I  >*NIK » 

54  150  CONTINUE 


DO  180  1=1. E 
OO  140  J= 1 ,E 
TMPVAR-O. 

OO  130  K=1,VPS 

TMPVA  R=  TMPVA  R*  A I  K.  I  )  *A  {  K  ,  J  »  *NOC  ) 
CONTINUE 

ALEQI I»J)=TMPVAR 
CONTINUE 
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55 

56 

57 
56 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 
100 
101 
1  02 
103 
1  04 

105 

106 
1  07 
1  08 


ALEQI I , IEP1 )=TMPVAR 
IFIS.EQ.O)  GO  TO  165 
TMPVAR=0  . 

00  160  K=VPl ,VPS 
TMPVAR=TMPVAR+AIK. I)*NIK> 

160  CONTINUE 

ALEQI  I .  1EP2>=TMPVAR 
165  CONTINUE 
C 

C  THE  FINAL  C  COLUMNS  OF  ALEQ  ARE  FOP  THE  OELTA-N 
C  COEFFICIENTS  RELATING  TO  THE  PURE  CONDENSEO  PHASES 
C 

I  A 00=2 

IF(S.EQ.O)  I ADD= 1 
IF(C.EQ.O)  GO  TO  180 
DO  170  K=  VPSPi • VSC 
1  NOEX=K- VPS*  E-f  I A  00 
ALEQI I .INDEX 1=A(K, 1 ) 

170  CONTINUE 
180  CONTINUE 
C 

C  FILL  THE  NEXT  TWO  ROWS  IROWS  EM  AND  E+2 1  OF  MATRIX  ALEQ 
C  BASED  ON  EQUATIONS  22  ANO  23 
C 

DO  250  J=1 .E 
TMPVAR=0. 

DO  230  K=1,V 

TMPVAR=TMPVAR+A<  X.  J)*N(K! 

230  CONTINUE 

ALEQI IEP1 . J»=TMPVAR 
IF(S.EQ.O)  GO  TO  250 
TMPVA  R=0 • 

DO  240  K=VP1.VPS 
TMPVAR=TMPVAR*A<  K. J)*N(K ) 

240  CONTINUE 

ALEQI IEP2. J1=TMPVAR 
250  CONTINUE 

ALEQI  IEPl.IEPl  )=l-l .0  >  *ZV 
C 

C  THESE  FINAL  C  ROWS  IN  MATRIX  ALEQ  ARE  FILLED  BY  EQUATION  17 
C 

EP3=EMMADO 
EP3PC=EP?*C 
IFIC.EQ.OI  GO  TO  300 
I  NOE X  =  VPS 

DO  290  I  =  EP3,EP3PC 
I  NOE  X=INDEXM 
DO  290  J=1.E 
ALEQI  I  »  J  )  =  A (  INDEX, J) 

290  CONTINUE 
300  CONTINUE 
C 

C  CALCULATE  BX .  NV  ANO  NS  VALUES  FROM  THE  PREVIOUS  ESTIMATE  OF  N 
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109  DO  360  J=1.E 

110  TMPVAR=0. 

111  DO  350  1=1 . VSC 

112  TMPVAR=A(  I. J  )*N< IJ+TMPVAR 

113  350  CONTINUE 

114  8K(J) =TMPVAR 

115  360  CONTINUE 

116  NV=ZV 

117  DO  365  1=1. V 

116  NV=NV*N(I> 

119  365  CONTINUE 

120  NS=0. 

121  IF(S.EQ.O)  GO  TO  375 

122  OO  370  I=VP1,VPS 

123  NS=NS+N( I ) 

124  370  CONTINUE 

125  375  CONTINUE 

126  C 

127  C  NOW  ASSIGN  VALUES  TO  VECTOR  8LEQ 

128  C  THE  FIRST  E  VALUES  ARE  FROM  EQUATION  21 

129  C 

130  DO  400  J=1.E 

131  TMPVAR=B(  Jl-BKf  J) 

132  DO  380  1=1 .V 

133  ARG=ACOEF( I 1*N( I I4P/P0/NV 

134  IF( ARG.LE.l .0E-50)  ARG=1.0E-50 

135  TMPVAR=TMPVARFA( I, JJ4NCI >*(STDCP(I l+ALOGI  ARG1 ) 

136  380  CONTINUE 

137  IFIS.EQ.01  GO  TO  395 

138  OO  390  I=VP1,VPS 

139  ARG=ACOEF< I )*N< I l/NS 

140  IF( ARG.LE. 1 . 0E-50)  ARG=1.0E-50 

141  TMPVAR=TMPVARFA(  I. J)*N(I  )*(STDCP( I  H-ALOG(ARG) ) 

142  390  CONTINUE 

143  395  CONTINUE 

144  BLEQI Jl=TMPVAR 

145  400  CONTINUE 

146  C 

147  C  THE  NEXT  2  POSITIONS  IN  VECTOR  BLEO  (POSITIONS  EH  AND  E*2> 

148  C  ARE  FROM  EQUATIONS  22  ANO  23 

149  C 

150  TMPVAR=Q. 

151  OO  410  1  =  1. V 

152  ARG=ACOEF< I )4N( I 14P/P0/NV 

153  IF( ARG.LE.l .0E-50)  ARG=1.0E-50 

154  TMPVAR=TMPVAR*N( I  »*(STOCP(  1 1 *ALOG( ARG )  » 

155  410  CONTINUE 

156  BLEQC IF ' 1 )=TMPVAR 

157  TMPVAR=0. 

158  IF(S.EQ.O)  GO  TO  425 

159  DO  420  I=VPi.VPS 

160  ARG=ACOEF( I >*N( I l/NS 

161  IF( ARG.LE.l . 0E-50I  ARG=l.0E-50 

162  TMPVAR=TMPVAR*N( I»4(STDCP( II*ALOG(ARGI ) 
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163 

164 

1  65 

166  C 

167  C 

168  C 

169 

170 

171 

172 

173 

174 

175 

176 

177  C 

178  C 

179  C 

180 
181 
182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 

201  C 

20 2  C 

203  C 

204  C 

205  C 

206  C 

207 

2  08 
209 
21  0 
211 
21  2 

213 

214 

215 

216 


420  CONTINUE 

BLEQC  I E P2 )  =T  MPV A R 
425  CONTINUE 

THE  FINAL  C  POSITIONS  OF  VECTOR  BLEQ  ARE  FROM  EQUATION  17 

IF(C.EO.O)  GO  TO  435 
INDE  X=VPS 

DO  430  I =EP3  »  EP3PC 

IN0EX=IN0EX+1 

BLECH  I  )=STOCP<  INDEX! 

430  CONTINUE 
435  CONTINUE 

IF ( I  DEBUG* EQ *2  I  CALL  PRNTA B( ALEQ , BLE 0. EPCP 2 ,  I D I M 3 ,  I WRT ) 
SOLVE  THE  MATRIX  PROBLEM  USING  SUBROUTINE  LEQTIF 


M=1 

IOGT=3 

CALL  LEOTIFI ALEQ .M.EPCP2, I D I M3 . BLEQ . I DGT ,* KA , t  ER ) 

IF ( IER  «NE  .34 • AND • I ER ■ NE ■ 1 29 )  GO  TO  490 
IF(ISTOP.EO.t)  GO  TO  490 
WRITEC  IWRT.438)  ITER 

438  FORMAT! • 0 •#• ♦***♦  ITERATION  •  » I  5. •  *♦***•) 

IF< IER. EQ. 34. AND. IWRAP.LT. 21  WRITE  I  IWRT.440)  I ER.  I DGT 
440  FORM AT (IX. ******  ACCURACY  TEST  IN  SUBROUTINE  LFQT1F* . 

t  «  FAILED .  IER= • • 1 3  •  •  IDGT=*.I2,*  ****♦•, 

6  /.IX.*  M 

IF( IER.EQ.129)  WRI TEC  I WRT, 450 )  IER 
450  FORMATClX,  •*♦***  MATRIX  ALEQ  IN  SUBROUTINE  RAND  IS  SINGULAR*  , 
t  •  IER  =  • .13.*  **•*•) 

1F( IER.EQ. 129)  I ST0P=1 
IDBG=  IDEBUG 

IF! IER.EQ. 129)  I OEBUG=2 

IF( I08G.LT. 2. AND. IER.EQ. 129)  GO  TO  50 
490  CONTINUE 

IFC IDEBUG. EQ. 2)  WR I T E C  I W RT . 495  I  f BLEQ { K) . K = 1 . EPC P2 > 

495  FORMAT! *0*  THE  TRANSPOSED  X  VECTOR  I S : *  •  / • 1 X . 1 0 ( D 1 1  . 4 . 2 X  )  ) 

FILL  THE  DELN  VECTOR  FROM  BLEQ  USING  EQUATIONS  19  AND  20 
THE  FIRST  E  VALUES  IN  BLEQ  ARE  NOW  THE  LAGRANGE  MULTIPLIERS? 

THE  NEXT  2  VALUES  ARE  UV  AND  US  RESPECTIVELY? 

THE  LAST  C  VALUES  ARE  THE  DELN  VALUES  FOR  THE  PURE  CONDENSED  PHASES 

UV=BLEQC IEP1 ) 

DO  51 0  1=1 .V 

ARG=ACOEF( I ) *N< I 14P/P0/NV 
IFC ARG.LE.l .0E-50)  ARG=1.0E-50 
TMPVAR=UV-STDCPf  I)-ALOG(ARG) 

OO  500  J=i .E 

TMP V AR  =  TMPVA  R*BLEQ  C  J ) *  A  C  I , J) 

500  CONTINUE 

OELNC I  >=TMPVAR*N(  I  } 

510  CONTINUE 
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217 

218 

219 

220 
221 
222 
22  3 

224 

225 

226 

227 

228 

229  C 

230  C 

231  C 

232 

233 

234 

235 

236 

237 
233 

239 

240 


IF(S.EO.O)  GO  TO  535 
US=BLEQ( 1EP2  > 

DO  530  I=VP1.VPS 
ARG-=ACOEF  (  I  )  *N{  I  1/NS 
IF< ARG.LE.1.0E-50)  ARG=1.0E-50 
TXPVAR=US-STOCP< I)-ALOG(ARGl 
DO  520  J=1.E 

T*PVAR=TMPVAR+BLEQ< J)*A( I. J» 

520  CONTINUE 

DELHI I |=TMPVAR*Nt I  1 
530  CONTINUE 
535  CONTINUE 

THE  FINAL  C  DELN  VALUES  ARE  THE  LAST  C  VALUES  OF  BLE Q 

IF (C« EQ« 0 1  GO  TO  550 

INDEX=E+IADO 

DO  540  I=VPSP1.VSC 

INDEX=INDEX+1 

DELNt  I  1  =  BLEQ<  INDEX  » 

54 0  CONTINUE 
550  CONTINUE 
RETURN 
END 


17 


OVERVIEW  OF  MATRIX  FORMULATION 


(Note:  RHS  =  Right  Hand  Side) 
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Figure  A15 

Detailed  MATRIX  FORMULATION  of  Linear  Equations 
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SOLVE:  ALEQ.X  =  BLEQ  for  X 
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A. 4. 9  CNVFRC  and  DGDLAM 

Subroutine  CNVFRC  calculates  the  convergence  forcer  for  the  iterative 
solution  and  is  shown  in  Figure  A16.  The  convergence  forcer  is  used 
when  the  composition  estimate  is  updated  during  each  iteration  according 
to  the  formula: 

I 

ni  =  "i  +  *  <5n.  (!) 

I 

Where:  n^  =  updated  estimate  to  the  equlibrium,  composition 

n.j  =  previous  estimate  of  equilibrium,  composition 
<5n.  =  step  change  in  composition  as  calculated  in  subroutine  RAND 
X  =  convergence  forcer 

The  convergence  forcer  is  also  used  to  prevent  negative  compositions  from 
appearing.  Lines  13  through  22  determine  the  maximum  value  of  the  convergence 
forcer  which  will  yield  positive  values  for  all  of  the  specie  molar 
amounts  with  the  constraint  that  the  convergence  forcer  must  be  between  zero 
and  one.  If  parameter  IALG  is  zero  this  maximum  value  yielding  positive 
compositions  is  used  for  the  convergence  forcer.  If  IALG  is  unity,  an 
optimum  value  is  calculated  in  lines  29  through  39  using  the  method  of 
Smith  and  Missen  [9].  This  method  entails  the  evaluation  of  dG/dA 
at  the  maximum  and  minimum  allowable  values  of  X  where  G  is  the  system 
Gibbs  Free  Energy.  An  estimate  to  the  optimum  value  of  the  convergence 
forcer  is  then  obtained  by 

(dG) 

X  s  dA  A=0 _ _  (2) 

<ax>  -  <3T> 

A=0 


A=MAX 


Figure  AT 6 .  Subroutine  CNVFRC  and  Function  DGDLAM 


SUBROUTINE  CNVFRC <  STDCP. N. OELN . ACOEF , V . ? .C  .  10  I  Ml  .  I  ALG  .  ZV  . 
6  P, PO.RT, LAMBDA, I  TER. IMRT ) 

THIS  SUBROUTINE  CALCULATES  THE  CONVERGENCE  FORCER 
FOR  THE  CURRENT  ITERATION 
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14  C 
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16  C 

17 
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24  C 

25  C 

26 

27 

28 

29  C 

30  C 

31  C 

32 

33 
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35 
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37 

38 
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40 
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43 

44  C 
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47 

48 

49 

50 

51 

52 
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DIMENSION  STDCPI  iDIMl),ACOEF(IDIMl  ) . DELN ( IO I  Ml  ) 

REAL  N( I0IM1 ) .LAMBDA 
INTEGER  V*  S.C.VSC 
VSC=V+S4C 
AMI N=  0 • 

AMAX=1 • 

LIMIT  THE  MAXIMUM  VALUE  OF  THE  CONVERGENCE  FORCER 
BY  APPLYING  THE  CONSTRAINT  OF  NON-NEGATIVE  COMPOSITION 

DO  50  1=1 .VSC 

IF(A8S(0ELN{ I ) ) .LT.l .0E-50 )  GO  TO  50 
LAMBDA  =  (-1 .0 l*N( I ) /OELN 1  I ) 

IF t LAM BOA. GT. 0.0 .AND.L AMBDA.LT . AMAX)  A  MAX=L  A MB  DA 
50  CONTINUE 

LAMBDA=AMAX 

IF  I ALG=0  OR  ATEST  IS  SMALL  T  hC  MAXIMUM  RELAXATION  PARAMETER  IS  USEO 

IF( I ALG.EQ.O )  RETURN 

ATEST  =  AMAX— AMIN 

IF< ATEST. LT. 0.01 1  RETURN 

ESTIMATE  THE  OPTIMUM  VALUE  OF  THE  CONVERGENCE  FORCER 

DGOMAX=DGOLAM (N, OELN. STDCP. ACOEF. ZV.P.PO.RT. AMAX, 

&  ID  I M 1 . V. S.C ) 

OGDMIN=DGOLAM(N. OELN, STDCP .ACOEF, ZV.P.PO.RT, AMIN, 

6  IDIMl.V.S.C) 

IF ( DGDMIN. EQ .DGDMAX )  DGDMAX=0.0 
LAMBOA  =  DGOMIN/<  DGO M I N-DGDM AX ) 

IFILAMBOA.GT .AMAX)  L AMBDA=  AMAX 
IF (LAMBDA.LT. AMIN)  LAM8DA=0.05 
RETURN 
ENO 

FUNCTION  DGDLAMI N. DELN, STDCP. ACOEF. ZV.P.PO.RT,  ALAM, 
t  IDIMl.V.S.C) 

EVALUATION  OF  DG/DLAM8DA  FOR  DETERMINING  THE  CONVERGENCE  FORCER 

DIMENSION  ACOEFC I D IM1 ) , DEL N(  I O I M l ) , STDCP (  ID  I  Ml ) 

REAL  N(IDIMi), NV , NS 

INTEGER  V.S.C.VP1 .VPS.VSC.VSl 

VP1=V*1 

VPS=V*S 

VS1 =VPS+1 

VSC=VPS«-C 

NV=ZV 


55  OO  100  1=1 .V 

56  NV=NV ♦N ( I ) 

57  100  CONTINUE 

58  IF(S.EQ.O)  GO  TO  210 

59  NS=0,  0 

60  OO  200  I=VP1.VPS 

61  NS=NS+N( I ) 

62  200  CONTINUE 

63  210  CONTINUE 

64  C 

65  C  CALCULATE  DG/DLAMBDA 

66  C 

67  DGOL=0.0 

68  OO  300  1=1, VPS 

69  ARG=ACO£FI I >*(N(  I > 4ALAM*DELN< I »  »*P/P0/NV 

70  IF ( I • GT • V 1  ARG=ACOEF< I >*{N( I )+ALAM*DELN( I ) l/NS 

71  DGOL=DGDL+DELNf I )*(STDCP( I ) +ALOGI ARG > 1 

72  300  CONTINUE 

73  IF(C.EO.O)  GO  TO  410 

74  OO  400  I=VSl.VSC 

75  DGDL=DGDL+DELN( I »*STDCP< I ) 

76  400  CONTINUE 

77  410  OGOLAM=DGOL4RT 

78  RETURN 

79  END 
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This  equation  is  essentially  a  single  iteration  of  a  Regula-Fal si  root 
finding  algorithm  and  yields  a  sufficiently  close  approximation  to 
the  optimum  value  of  \  .  The  value  of  '  chosen  is  further  constrained  to 
be  between  0.05  and  the  maximum  value  which  yields  positive  molar  amounts. 
The  lower  limit  of  0.05  allows  the  iterative  process  to  continue  when 
zero  or  negative  values  for  the  convergence  forcer  are  predicted. 

The  derivatives  are  calculated  in  function  subroutine  DGDLAM  shown 

in  lines  42  through  79  and  are  given  by 

v  ( 

^  =  RT  {  y  <5n.j  [u°  +  £n  (_nj  P — )]+  J  5n  [  y  +  2n(^i-)] 
i  =  l  1  P0  \  i  =v+l  1  1  ns 


V+S+C  o 

+  y  Sn.  V 

i=v+s+l  1 


(3) 


A. 4. 10  REST0R 

Subroutine  REST0R,  shown  in  Figure  A17,  restores  the  arrays  and 
vectors  which  were  shifted  in  subroutine  ADDRMV  to  the  original  order 
in  the  problem  formulation.  This  is  accomplished  by  comparing  array 
SPECIE,  which  has  the  shifted  order  of  the  species,  to  array  ISPCE, 
which  contains  the  original  specie  order.  The  data  in  the  arrays  and 
vectors  are  then  shifted  to  reflect  the  original  specie  order.  The 
constants  C,  V3C  and  EPCP2  are  also  restored  to  their  original  values. 


A. 4. 11  GIBBS 

Subroutine  GIBBS,  shown  in  Figure  A13,  calculates  the  system  Gibbs 
Free  Energy  using  equation  1  in  section  A. 5.  This  subroutine  is  called 
after  the  iteration  for  equilibrium  has  terminated  and  also  during 
debugging  (IDEBUG  >  1 ) . 
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Figure  A17.  Subroutine  7EST0R 


1  SUBROUTINE  RESTORI  A  .SPEC  IE  .  I  S°CE  .STDCP  ,N  .  DELN.  ID  I  M  I  ,  IB  l'*2  . 

2  6  VSC,  EPCP2,  C  .  VPSP1  .  E .  mut  ) 

3  C 

4  c  this  subroutine  restores  matrices  and  vectcrs  a,  SPECIE.  S  TDC  p  . 

5  C  N  ANO  OELN  ALONG  WITH  CONSTANTS  VSC,  C  ANO  E°CP2  TO  THEIR  ORIGINAL 

6  C  ORDER  AND  VALUES  IN  THE  INITIAL  PROBLEM  F  OR  MULA  T  I  ON 

7  C 

8  D I  MENS  ION  AC  I  DIM  1 .  I D I  M2 1 . S TOC° (  I DI M 1  ) , DELN<  I DI M 1  > , I SPCE(  I  D  l  M  1  ,  3  » 

9  INTEGER  SP EC  I E <  I D I  MI  , 3 ) *  VS C  .  F . EPCP 2  * C, V° SR  1 . VSCM 1 

10  REAL  N (  I O I  Ml  ) 

11  IF! IOUT.EO.O >  GO  TO  400 

12  EPCP2=EPCP2F IOUT 

13  C=C  + I  OUT 

14  VSC=V  SC ♦ IOUT 

15  VSCMI=VSC-1 

16  C 

17  C  DO  A  CHARACTER  STRING  COMPARISON  OF  SPECIE  WITH  ISPCF  AND  RUT 

18  C  THE  ARRAYS  ANO  VECTORS  INTO  THEIR  ORIGINAL  ORDERS 

19  C 

20  DO  300  I=VPSP1 .VSCM1 

21  IPl=t+l 

22  IFCIPl .GT.VSC)  IP1=VSC 

23  DO  200  II=IP1,VSC 

2  4  IF  C ISPCEC  I . I  ) .EQ .SPECIE!  I  I . 1  )  .AND. 

25  6  ISPCEC  1.21. EQ. SPECIE!  II  .2  ). AND. 

26  e  I SPCE! I .3 » .EQ .SPECIE!  I  I .3 >  )  GO  TO  50 

27  GO  TO  200 

28  50  TEMP=N ( I ) 

29  N!I)=N!II) 

30  N(II1=TEMP 

31  TEMP=STDCP! I  1 

32  STDCPI  I)=STDCP(  I  II 

33  STDCPC  I  I )=TEMP 

34  TEMP=DELN! I » 

35  DELN!  I  )  =  D E L N  C I  I ) 

36  DELN! I  I )=TEMP 

37  DO  100  J  =  1  .E 

38  TE  MP=  All  .  J  ) 

39  A! I . J )=A!  I  I  ,  J) 

40  A! II. J >=TEMP 

41  100  CONTINUE 

42  DO  120  K  =  1 .3 

43  ITEM=>  =  SPEC  IE!  I  .K> 

44  SPEC  I E!  I.K )  =  SPEC IE ! I  I . K) 

45  SPECIE!  II. K)  =  ITEMP 

46  120  CONTINUE 

47  GO  TO  300 

48  200  CONTINUE 

49  300  CONTINUE 

50  400  RETURN 

51  END 


Figure  A18.  Subroutine  GIBBS 
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SUBROUT  INF  GIBOSIN.STDCP.STOCPZ.ACHEF.ZACT 
&  V.S.C.GFEJ 

SUBROUTINE  TO  CALCULATE  THE  GIBBS  FREE  ENERGY 
USING  EQUATION  1  IN  THE  PROPOSAL 

DIMENSION  STDCPI IDIM1 >,ACOEF( IOIM1 ) 

REAL  N(  10  IM1  )  ,NV .NS 

INTEGER  V.S.C.VPl.VPS.VSl ,VSC 

VP1=V*1 

VPS=V+S 

VSl=VPS+l 

VSC  =  VPS4-C 

GAS  CONSTANT  IS  IN  UNITS  OF:  KC AL/ G- MOLE -K 

R=0. 0019672 
NV=ZV 

OO  100  1  =  1  .V 
NV  =  NV«-N(  I  ) 

100  CONTINUE 
NS=  0  . 

IF(S.EQ.O)  GO  TO  120 
DO  110  I  =  VP1 . VPS 
NS=NS*N( I > 

110  CONTINUE 
120  CONTINUE 

ARG=ZACT*ZV*P/PO/NV 

IF< ARG.LE. I . 0E-50)  ARG=l.0E-50 

GSTAR=ZV*<  STOCPZ FALOGI  ARG)  ) 

OO  150  1=1  .V 

ARG=ACOEF(  I  1 *N (  I )*P/PO/NV 

IF< ARG .LE .1 . 0E-50)  ARG=1.0E-50 

GST  AR  =G  ST  ARFN (  I  »  *(  STOCP(  I  )  FALOGI  ARG)  ) 

150  CONTINUE 

IF(S.EQ.O)  GO  TO  170 
DO  160  l  =  VPl  ,VPS 
ARG= ACQEF ( I ) *N C I » * P/PO /NS 
IFIARG.LE.1 .0E-50)  ARG=1.0E-50 

GSTAR=GSTARFN(  I  »  M  STDCPI  I  1 FALOGI  ARG  )  ) 

160  CONTINUE 
170  CONTINUE 

IF(C.EQ.O)  GO  TO  190 
OO  180  I  =  VS1  ,VSC 
GSTAR=GSTARFN{  I »  ASTOCPI I  ) 

180  CONTINUE 
190  CONTINUE 

GF  E  =  GSTAR*R*T 
RETURN 
ENO 


ZV.T.a.PO,  I  0  I v 1 


F  thc  SYSTEM 
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A. 4. 12  CALCQ 


A  listing  of  CALCQ  is  shown  in  Figure  419.  This  subroutine  calculates 
the  equilibrium  constants  for  each  of  the  independent  fetation  reactions 
based  on  the  composition  of  the  system.  These  equilibrium  constants  are 
given  by: 


Q,  =  YfXiP 


poi 


/  TT  (y. 

k=l 


*k  Ppok^ 


ik 


(1) 


Where : 


Yi  =  activity  coefficient  of  specie  i 
Xi  =  mole  fraction  of  specie  i  in  its  phase 
=  stoichiometric  reaction  coefficient 
1  for  solution  or  pure  condensed  phase 
P/Po  for  vapor  phase 


The  product  in  the  denominator  is  taken  over  the  basis  species 
used  in  the  formation  reaction  equations. 

A. 4. 13  TOTSI 

Subroutine  TOTSI,  shown  in  Figure  A20  calculates  the  total  moles 
and  mole  fraction  of  silicon  species  in  the  vapor  phase.  A  character 
string  comparison  is  made  to  determine  which  member  of  vector  ELMNT  is 
assigned  the  string  'SI'.  Then  the  moles  of  all  vapor  species  with  a 
nonzero  value  in  their  elemental  abundance  vector  corresponoi rig  to  this 
position  are  summed. 

A. 4. 14  RATIO 


Subroutine  RATIO,  shown  in  Figure  A2l  calculates  the  -,roup  III/V 
atom  ratio  in  the  vapor  phase.  All  of  the  elements  in  colurns  III  and  V 
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Figure  A19.  Subroutire  CALC Q 


1  SUBROUTINE  CALCQIGNU. N. ACOEF, FRAC. IOXBAS.Q, 

2  C  P.P  0.  V,  S.  C.  e .  ID  I  Ml  ,  ID  I  *2  ) 

3  C 

4  C  SUBROUTINE  TO  CALCULATE  EQUILIBRIUM  CONSTANTS  FROM  COMPOSITION 

5  C 

6  DIMENSION  GNU<  10 IM 1 ,  ID  IM2 >  . ACOEFf  I O I M 1  J , FR AC(  I O I M I  ) , 

7  &  IDXBASC I OIM2 > ,Q(  ID  IM  1  | 

B  INTEGER  V,S,C.F,VSC 

9  REAL  N ( I O I  Ml  > 

10  VSC=V+S+C 

11  c 

12  C  CALCULATE  THE  EQUILIBRIUM  CONSTANTS 

13  C 

14  OO  400  1=1 , VSC 

15  PP0=1.0 

16  IFU.LE.V)  PP0=P/P0 

IT  Q(  I ) = ACOEF (  I  )  *FR  AC(I  >  *  PP  0 

18  DO  300  J=I.E 

19  K= I DX  B  AS ( J  > 

20  PPO=l.O 

21  IF(K.LE.V)  PPO=P/PO 

22  Q(  I  )  =  Q(  I »/( ACOEF (K) *FR AC( K )*PPO )**GNU(  I  *  J ) 

23  300  CONTINUE 

24  400  CONTINUE 

25  RETURN 

26  ENO 
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Figure  A20.  Subroutine  TOTS  I 


1  SUBROUTINE  TO  TS  I  (  A  .  ELM  NT  ,  F  M  A  C  *  N  .  S  I  TO  T  .  S  t  *F  .  I  0  t  •*  1  .  t  O  l  M  2  .  V  .  c  ) 

2  C 

3  C  SUBROUTINE  TO  CALCULATE  THE  TOTAL  SI  IN  THC  VAPOR  PHASE 

♦  C 

5  DIMENSION  A(  IDIM1.  IDIM2I  .^RAC*  IDl«l  > 

6  INTEGER  EL MN T (  I O I M 2 )  . V  .  E . S  I V PR / * S I  « / 

7  REAL  N( IOIM1 ) 

8  SITOT=0.0 

9  S I MF  =  0  •  0 

10  oo  i o  o  j= i  •  e 

11  KSI=J 

12  IE  (ELMNTI  J  )  .  ECUS  IVPR  J  GO  TO  130 

13  100  CONTINUE 

14  GO  TO  150 

15  130  CONTINUE 

16  OO  140  1  =  1. V 

17  IF(A(  I.KSi  I.LT.0.001  )  GO  TO  140 

18  SI TOT= SI TOTtN I  I) 

19  SI MF=S I MF+-FRACI I > 

20  140  CONTINUE 

21  ISO  CONTINUE 

22  RETURN 

23  END 
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Figure  A21 .  Subroutine  RATIO 


1  SUBR3UT  INE  R  AT  IO(  A  ,  EL«klT  .FRAC.fi  I  I  I  V  .  IO  IM1  ,  IO  1  M?,  V  .  £  I 

2  C 

3  C  THIS  SUBROUTINE  CALCULATES  THE  VAPOR  III/V  PATIO 

♦  C 

5  DIMENSION  A<  I  DIM  1  .  ID  I *2 ) . F PAC <  I DIM 1  )  , K I  I  l  ( 5 ) , < V<  5 > 

6  INTEGER  EL MN T ( I D I M 2 >  . EL  I  I  I  I  5 ) , EL V { 5 ) . V , r 

7  DATA  ELI  11(1  )/'  B*  /.  EL  I  I  H  2  >  /  •  AL  •  /  .  EL  t  I  I  I  3  )  /  •  G  A  •  /  ,  EL  I  I  I  (  A  )  /  •  I  N  *  / 

8  t  EL  I  I  l  ( 5  )/ ' TL* / • FLVt  1  ) / •  N'/.FLVt?!/*  P • / . EL V I  3  I / * A S • / * 

9  &  ELV< 4 )/ • SB* /, ELV( •/ 

10  c 

11  C  DETERMINE  WHICH  INDECIES  CORRESPOND  TO  COLUMN  III  AND  V  ELEMENTS 

12  C 

13  DO  100  K= 1  #  5 

14  KI  I  I  (  K  )  =  0 

15  KV(K)=0 

16  DO  100  J=i.E 

17  IF( ELMNTI J ) .EQ.EL!  I  I ( K  )  )  KIII(K)  =  J 

18  IF< ELMNTI J ). EQ .ELV ( K ))  KV(K)=J 

19  100  CONTINUE 

20  C 

21  C  SUM-UP  THE  GROUP  III  AND  V  SPECIES  AND  CALCULATE  THE  PATIO 

22  C 

23  SUMIII=0.0 

24  SUMV=0.0 

25  DO  200  1=1 .V 

26  DO  ."00  K=1  .5 

27  I  OX  I  I  I =K I  I  I ( K 1 

28  10  XV=  KV ( K ) 

29  IF(  IDXII  I  . EQ  .  0 )  GO  TO  120 

30  SUM! I  I =SUM III *A(  I.IOXIII) *FRAC(  I  ) 

31  120  CONTINUE 

32  IF( IOXV.EQ.O )  GO  TO  200 

33  SUM V=  SUMV+AI  I • IOXV ) *FR  AC  (  I  ) 

34  200  CONTINUE 

35  R1 I IV=1 «0E10 

36  IFISUMV.GT.O.Oit  P  l  I  I  V=  SUM  I  I  I  /  SUM  V 

37  RETURN 

38  END 
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of  the  periodic  table  are  included.  This  results  in  a  total  III/V  ratio 
which  does  not  distinguish  between  the  various  elements  in  each  group. 
Since  character  string  comparisons  are  made  in  order  to  locate  the 
positions  of  the  appropriate  elements  in  vector  ELMNT  it  is  essential 
that  all  group  III  and  V  elements  which  have  single  letter  representations 
(B,  N,  P)  be  entered  right  justified  in  the  input  data  set. 

A. 4. 15  WRAPUP 

Subroutine  WRAPUP,  shown  in  Figure  A22,  writes  a  wrap-up  file  to 
logical  unit  designator  IFILE.  This  subroutine  is  accessed  when  parameter 
IWRAP>0.  For  IWRAP  =  1  or  2  the  value  of  IFILE  is  set  to  2.  For 
IWRAP  =  3  IFILE  is  set  equal  to  IWRT  which  is  the  line  printer  logical 
unit  designator.  This  subroutine  provides  concise  data  output  and  is 
quite  useful  when  the  input  data  set  has  been  verified  to  be  correct  and 
parametric  studies  are  desired. 

A. 4. 16  DEBUG 

Subroutine  DEBUG  is  accessed  when  parameter  I  DEBUG  > 1 .  This  subrouti 
provides  an  output  of  the  convergence  forcer,  system  Gibbs  Free  Energy, 
the  relative  state  of  convergence,  specie  molar  amounts,  changes  in  specie 
molar  amounts  and  the  incremental  Gibbs  Free  Energy  of  each  specie  at 
each  iteration.  A  listing  of  DEBUG  is  shown  in  Figure  A  23. 

A. 4. 17  PRNTAB 

Subroutine  PRNTAB,  shown  in  Figure  A24  writes  out  matrix  ALEQ  and 
vector  BLEQ  for  diagnostic  purposes  when  parameter  IDEBUG  =  2.  This 
subroutine  is  accessed  from  line  176  of  subroutine  RAND. 
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Figure  A22.  Subroutine  WRAPUP 

1  SUBROUTINE  WRAPUP! TITLF.S PE CIE. I NERT , N , FR AC . ZV ,FR ACZ . SITCT , 51 MF 

2  &  RI I  IV .RELMAX.CNVG, ISS.X  I  H  ,t,p.  IOAT A,  ID  IM1 . IF ILC 

3  &  V.VSC) 

4  C 

5  C  SUBROUTINE  TO  WRITE-OUT  A  SUMMARY  OF  THE  RESULTS  TO  A  FILF 

6  C 

7  DIMENSION  INERT C 3 ) . FR AC{  I O  I M  l  ) 

8  INTEGER  T I  TLE!  20  )  ,  SPEC  IF  !  I  DI  M 1 . 3  )  ,  V  ,  VSC 

9  REAL  N( I D I  Ml  ) 

10  IF! IDATA.EQ.O)  WR I TEI  1  FI LE , 50  )  (TITLE(K)  »K=1»20) 

11  SO  FORMAT ( 20 A4 ) 

12  WRITE! IFILE. 55 >  T.P 

13  55  FORMAT  <•  TEMPERATURE  =  *,F7.1.*  K  ••/.*  PRESSURE  =  *.E12.5,*  PAM 

14  IF ( ABS (R EL MAX ) .GT.CNVG.ANO • I  DATA . NE. 0) WRITE!  IF  ILF . 53)  RE  LM A  X  »  C  N 

15  58  FORMA  T!66!  )•/•*♦•  »  5  X.  *  I  TERATI  ON  FOR  EQUILIBRIUM  COMPOSITION 

16  &  *010  NOT  CONVERGE* , 5X •  **••/,•**. 1 X, • MAX  I  MUM  ERROR  =  *. 

17  &  E12. 5  ,2X, 'CONVERGENCE  CRITERION  =  •  ,  E  1  2 . 5  .  1  X,  *  *  •  , 

18  6  /•  66!  *  *  M  I 

19  IF! IDATA.EQ.O)  WR I TE ! I F I LF , 60 ) 

20  60  FORMAT il 3X. • INIT IAL  COMPOS tT IONS • > 

21  IF! IOATA.EQ. 1 )  WR I TE ! I F I LE . 7 0 ) 

22  70  FORMAT! 1 3X • • EQUI L I BR I UM  COMPOSITIONS*) 

23  IF!  IDATA.EQ.O)  WR I TE!  I  FILE .80 ) 

24  80  FORMAT ! 'SPEC  IE* . 7X. • MOLE  FR AC T  ION *  . 4 X , • GRA M  MOLES*) 

25  DO  200  1  =  1.  VSC 

26  WRITE! IFILE. 100)  ! SPEC l E ! I .K ) . K=1 . 3 ) • FRAC ! I ) , N ( I ) 

27  IF1I.EQ.V)  WRITE! IFILE, 1 00  )  I  I NERT I K ) . K- 1  . 3 )  , F R AC Z  . 7 V 

28  100  FORMATI3A4.2X.E1 2.5. 2X.E 12.5) 

29  1FII.EQ.V)  WRITE! IFILE. 1 05  )  RIIIV 

30  105  FORMAT! 'VAPOR  III/V  *.10X,F9.4) 

31  IF! I .EQ.V )  WRITE! IFILE. 1 10  )  SIMF.SITOT 

32  110  F ORM AT ! *  S I  IN  VAPOR  • . 2X , E 1 2 .5 . 2 X , El  2 . 5  ) 

33  200  CONTINUE 

34  IFIISS.GT.O)  WRITE! IFILE. 205)  XIII 

35  205  F O RM AT!3X.*X=* . F 6 • 4 ) 

36  WRITE!  IFILE, 210) 

37  210  FORMAT! •  •  ) 

38  IDATA  =1 

39  RETURN 

40  END 


Figure  A23.  Subroutine  DEBUG 


SUBROUTINE  DEBUG  (N  .DEL  N»  DG  TST  *  VSC  ,IDI*1.  ITER.  LAMBDA.  CF=, 
&  RMX.IWRT! 


ROUTINE  TO  WRITE-OUT 


DELN.  ALMBDA  DURING  THE  ITERATON  PROCESS 


REAL  LAMBDA, N(  IDIM1  )  , OGTST ( I DI Ml  >,OELN( IDI*1 > 
INTEGER  VSC 

WRITE! IWRT.IO!  ITER. LAMBDA, GFE.RMX 
10  FORMAT! *0 '.' ITERAT ION  =  • , 15 , 5 X, 'L AMBO A  =  '.E14.7. 
&  5X. ‘GIBBS  FREE  ENERGY  =  '.E14.7.'  KC  AL* , 

6  5X, 'RELATIVE  ERROR  =  • • El  2 . 5, f . 1 X , 

C  *N— VALUES' . T20 ,* DELTA— N  VALUES', 

e  T40.' OGTST  VALUES'! 

DO  50  1=1 ,VSC 

WRITE! I WRT, 201  N!I  I  , DELN! I  l.DGTST!  I ) 

20  FORMAT! IX. El  4,7, T2  0. El  4.7, T4  0  , El  4.7) 

50  CONTINUE 
RETURN 
END 


Figure  A24.  Subroutine  FRNTAB 


SUBROUTINE  PRNTABI A.B.N.IOIM3. !«RT  I 

MATRIX  OUTPUT  ROUTINE  FOR  DIAGNOSTIC  USE 

DOUBLE  PRECISION  A < I D I  M3 *  I D I *3 ) . B C I D I M 3 ) 

MAX— N/l O+l 
L I NE  =  0 
IST=1 

DO  50  1=1 • MAX 
LINE=L  INE+N+2 
IEND=IST*9 

IF< IEND.GT.N )  IENO=N 

IFILINE.GT.80)  WRITE! I  WR  T  , 10>  IST.IEND 
IFII.EQ.l)  WRITE! I WRT. I0»  IST.IEND 

IFILI NE.LE.80. AND. I . GT . 1 )  WRITE! IWRT.20)  IST.IEND 
10  FORMAT! • 1' .'COLUMNS  '.12.'  THROUGH  '.12.'  OF  MATRIX  ALEQ: • ) 
20  FORMAT! 'O' .'COLUMNS  '.12.'  THROUGH  ',12,'  OF  MATRtX  ALEQ:») 
IFILINE.GT.80)  LINE=0 
OO  40  ILI N=1 . N 

WRITE! IWRT.30)  I  A! IL IN. J I • J= I  ST. IEND I 
30  FORMAT! IX, 101011 .4. 2X> ) 

40  CONTINUE 
IST=I END* 1 

IFIIST.GT.N)  GO  TO  60 
50  CONTINUE 
60  CONTINUE 

WRITE! IWRT.70) 

70  F  ORMAT I  •  0  •  .  •  THE  TRANSPOSED  BLEQ  VECTOR  IS:») 

I  ST  =  1 

OO  90  1=1. MAX 
I END= I  ST  +9 

IF! IEND.GT.N)  I END=N 

WRITE! IWRT.80)  ! B! J ) . J= I  ST . I END ) 

BO  FORMAT! 1 X . 1 0 ! D1 1 .4 . 2 X ) ) 

I  ST =1  E  NO-F 1 
IF ! I ST .GT .N )  RETURN 
90  CONTINUE 
RETURN 


A. 4. 18  IMSL  Subroutines 
LINV1F,  LEQT1F,  LUDATF,  LUELMF 

The  calling  sequence  of  the  IMSL  subroutines  is  shown  in  Figure 
A25  and  a  listing  of  these  subroutines  is  provided  in  Figure  A2  6.  These 
IMSL  subroutines  are  used  to  perform  matrix  inversions  and  solve  the 
matrix  problem 

A  X  =  B  (1 ) 

for  vector  X.  The  matrix  inversion  subroutine,  LINV1F,  is  called  from 
line  43  of  subroutine  IOPTEQ.  LINV1F  defines  B  to  be  a  matrix  instead 
of  a  vector  and  simply  puts  ones  on  the  diagonal  of  this  matrix  and  zeros 
elsewhere.  Subroutine  LEQT1F  is  then  called  upon  to  solve  the  matrix 
problem 

A  AINV  =  B  (2) 

to  yield  the  inverted  A  matrix  AINV. 

Subroutine  LEQT1F  is  called  from  line  182  of  subroutine  RAND  to 
solve  the  linear  algebra  problem  in  equation  1  for  the  vector  X.  The 
X  vector  solution  is  then  returned  as  vector  B  in  order  to  save  on 
storage  requirements.  Double  precision  arithmetic  is  used  in  the 
calculations  and  the  routines  check  for  IDGT  significant  figures  in  the 
answers.  If  less  than  IDGT  significant  figures  are  found  parameter 
IER  is  returned  as  34.  If  matrix  A  is  singular  IER  is  returned  as  129. 


Figure  A25 


IMSt  Subroutine  Calling  Sequence 


LINV1F:  Driver  program  To  invert 
matrix  A.  This  subroutine  puts 
ones  on  the  diagonal  of  matrix  B 
for  LEQT1F. 


LEQT1F:  Driver  program  to  solve 
the  matrix  problem  A*X  =  B  for 
vector  X. 


LUDATF:  Performs  an  LU 
decomposition  of  matrix 
A  with  partial  Pivoting. 


LUELMF:  Performs  appropriate 
substitutions  To  obtain  the 


Figure  A26.  IMSL  Subroutines  LINV1F,  LEQT1F,  LUDATf  and  LUELMF. 


SUBROUTINE  LINV1F  ( A« N • I  A *  A  I NV . I DGT , WKAR E A  *  I ER I 

IMSL  SUBROUTINE  FOR  INVERTING  REAL  MATRICIES 

OOUBLE  PRECISION  A ( I  A* N) , A INV<  I  A.N ) , WKAREA ( 1  ). ZERO. ONE 
DATA  ZERO/O. OOO/, ONE/1 . 000/ 

I E  R=0 

DO  10  1  =  1  tN 
00  5  J=  1  »  N 

AINV(I.J)  =  ZERO 
5  CONTINUE 

AINVI I  .  I  1  =  ONE 
10  CONTINUE 

CALL  LEQT1F  < A. N . N , I A . A tNV . IDG T. WK AREA , I ER 1 
IF  HER  «EQ.  01  GO  TO  <3005 
9000  CONTINUE 
9005  RETURN 


SUBROUTINE  LEOT1F  ( A , M ,N . I  A , 0 ,  I D GT , WK ARE A , ! ER > 


I MSL  SUBROUTINE  LEQT 1 F  FOR  SOLVING  THE  MATRIX  PRORLFM  A*X=B 


DIMENSION 
DOUBLE  PRECISION 


A(  I  A. 1  1 ,B(  I  A. 1  ) . WKAREAI  1  ) 

A  »B  .WKARE  A  »  01  . D2 • W  A 

INITIALIZE  IFR 

FIRST  EXECUTABLE  STATEMENT 

I  ER=0 

DECOMPOSE  A 

CALL  LUDATF  < A . A • N . I A , I DGT , 0 l , D2 • WKA REA . WK ARE A . W A . I ER ) 

IF  HER  .GT.  128)  GO  TO  9005 

CALL  ROUTINE  LUELMF  (FORWARD  AND 
BACKWARD  SUBSTITUTIONS) 

DO  10  J= 1  .  M 

CALL  LUELMF  (  A,  B< 1 . J ) , WKARE A . N.  I  A, B ( 1 . J ) ) 

10  CONTINUE 
9005  RETURN 


SUBROUTINE  LUOATF  ( A ,LU, N,  I  A .  I OGT , 0 1  . D 2 .  I  PVT , EQU l L . WA ,  I  F P  ) 
THIS  SUBROUTINE  IS  USEO  WITH  SUBROUTINE  L  EQ  T 1 F 


DIMENSION  A(  I  A. 1  ) ,LU(  I  A , 1  > , IP VT (  1  )  , EQU I L (  1  ) 

OOUBLE  PRECISION  A . LU. D 1 .02  * EQU I L • W A , ZERO , ON- , F OUR • S I  X TN ,S I  X T 

*  RN, WREL. BIGA. BIG. P.SUM.AI.WI.T, TEST. O 

DATA  ZERO. ONE. FOUR. S IXTN.S IXTH/O .DO. 1. DO. A. DO, 

*  16. DO. .062500/ 

FIRST  EXECUTABLE  STATEMENT 
INITIALIZATION 

IER  =  0 
RN  =  N 
WREL  =  ZERO 
Di  =  ONE 
02  =  ZERO 
BIGA  =  ZERO 
DO  10  1=1.  N 
BIG  =  ZERO 
OO  5  J=  1  •  N 

P  =  AI  I  ,  J) 

LU(I.J)  =  P 
P  =  OABS(Pl 

IF  IP  .GT.  BIG!  BIG  =  P 
5  CONTINUE 

IF  {BIG  .GT.  BIGA1  BIGA  =  BIG 
IF  (BIG  .EQ.  ZERO!  GO  TO  110 
EQU IL I  I )  =  ONE/BIG 
10  CONTINUE 

DO  105  J=  1  . N 
JM1  =  J-l 

IF  IJM1  .LT.  II  GO  TO  40 

COMPUTE  U(I.J).  1=1,..., J-l 

DO  35  1=1 .JM1 

SUM  =  LU ( I • J ) 

I M 1  =  1-1 

IF  ( I DGT  .EQ.  01  GO  TO  25 

WITH  ACCURACY  TEST 

A  I  =  DABSCSUM) 

W!  =  ZERO 

IF  ( IM1  .LT.  11  GO  TO  20 
DO  15  K= 1 • I M 1 

T  =  LU ( I.K)*LU(K, J) 

SUM  =  SUM-T 
WI  =  WI+DABS(T> 

15  CONTINUE 

LUII.J)  =  SUM 
20  Wl  =  WIAOABS(SUM) 

IF  ( A I  .EQ.  ZERO)  A!  =  BIGA 
TEST  =  WI/AI 

IF  (TEST  .GT.  WREL)  WREL  =  TEST 
GO  TO  35 

WITHOUT  ACCURACY 
IF  (  IM1  .LT.  II  GO  TO  35 


25 
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55 

56 

57 

58 

59 

60 

61  C 

62 

63 

64 

65  C 

66 

67 

68 

69 

70 

71 

72 

73 
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75 

76 

77 

78 

79 

80  C 

81 
82 

83 

84 

85 

86 
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90 

91  C 

92 
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94  C 
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96 

97 
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1  00 
101 
102 

103 

104 

105 
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107 

108 


30 

35 

40 


45 

50 


55 


60 

65 


70 


75 

80 

85 


OO  30  K= 1 » I M 1 

SUM  =  SUM  — LU (  1  *  K ) *LU C  K  »  J  ) 

CONT INUE 
LUC  I • J)  =  SUM 
CONTINUE 
P  =  ZERO 

COMPUTE  UCJ.J)  AND  LCI.J). 

DO  70  I  =  J.N 

SUM  =  LU(I.J) 

IF  < IOGT  .EO.  01  GO  TO  55 

WITH  ACCURACY  TEST 

A I  =  DABS!  SUM) 

WI  =  ZERO 

IF  C  JM1  «LT •  1  )  GO  TO  50 

DO  45  K=1,JM1 

T  =  LUC  I  ,K)  *LUC  K,  J) 

SUM  =  SUM-T 
•I  =  WI+DABSCT) 

CONTINUE 
LUC  I • J)  =  SUM 
■I  =  WI+DABSCSUM) 

IF  CAI  .EQ.  ZERO  )  AI  =  BIGA 
TEST  =  W 1/ A  I 

IF  CTEST  .GT .  WREL)  WREL  =  TEST 
GO  TO  65 

WITHOUT  ACCURACY  TEST 
IF  ( JM1  .LT.  1 )  GO  TO  65 
DO  60  K=l,JMl 

SUM  =  SUM-LUC l,K)4LUCK,J> 

CONTINUE 
LUC  I . J)  =  SUM 
Q  =  EQUILC I ) *DABSC SUM) 

IF  CP  .GE.  Q)  GO  TO  70 
P  =  O 
I  MAX  =  I 
CONTINUE 

TEST  FOR  ALGORITHMIC  SINGULARITY 
IF  ( RNfP  .EQ.  RN)  GO  TO  110 
IF  CJ  .EQ.  IMAX)  GO  TO  80 

INTERCHANGE  ROWS  J  AND  IMAX 

D I  =  — D  1 
00  75  K=1,N 

P  =  LUC  I  MAX, K  I 
LUC  IMAX.K)  =  LUC  J.K) 

LU  C  J  .  K  )  =  P 

CONTINUE 

EQUILCIMAX)  =  EQUILCJI 
I ® VT  C  J )  =  IMAX 
01  =  D1*LUCJ,J) 

IF  CDABSCOl)  .LE.  ONE)  GO  TO  90 
Dl  =  D14SIXTH 
D2  =  02* FOUR 
GO  TO  85 

IF  CDABSCOl)  .GE.  SIXTH)  GO  T(?  95 


90 


109 

Ol  =  014SIXTN 

110 

02  =  02-F0UR 

1 1 1 

GO  TO  90 

112 

95 

CONTINUE 

113 

JPl  =  JF1 

114 

IF  CJP1  .GT.  N )  GO  TO  105 

115 

C 

DIVIDE 

8Y  PIVOT  ELEMENT 

116 

P  -  LUC J«  J) 

11  r 

00  100  I  =  JP 1 «  N 

1  IS 

LUC  I • J 1  =  LUC  I . Jl/P 

119 

too 

CONTINUE 

120 

105 

CONTINUE 

121 

C 

PERFORM 

ACCURACY  TEST 

122 

IF 

CIOGT  .Ed.  0)  GO  TO  9005 

123 

P  = 

3*N+  3 

124 

V  A 

=  P9WREL 

125 

IF 

C  tf  A  + 1 0 • DO ♦♦ C - IDGT )  .NF.  W A)  GO 

9005 

126 

IER 

=  34 

127 

GO 

TO  9005 

128 

C 

ALGOR 

<IC  SINGULARITY 

129 

110 

IER 

1  =  129 

130 

Ol 

=  ZERO 

131 

02 

=  ZERO 

132 

9005 

RETURN 

SUBROUTINE  LUELMF  ( A . B  ,  IPVT.N,  I  A , X  ) 


1 

2  C 

3  C  THIS  SUBROUTINE  IS  USED  WITH  SUBROUTINE  LEOT1P 

4  C 


5  DIMENSION 

6  D0U8LF  PRECISION 

7  C 

8  C 


9 

DO  5  1=1, N 

10 

5 

XC I )  =  Bill 

11 

IV  =  0 

12 

DO  20  1  =  1  *  N 

13 

IP  =  I  P  VT  (  I  ) 

14 

SUM  =  X(IP) 

15 

XI  IP  )  =  X (  I  ) 

16 

IF  <IW  .EQ.  0) 

17 

I M 1  =  1-1 

18 

DO  10  J=I V, IM1 

19 

SUM  =  SUM-A 

20 

10 

CONTINUE 

21 

GO  TO  20 

22 

15 

IF  (SUM  .NE.  0 

23 

20 

XII)  =  SUM 

24  C 

25 

DO  30  I 8= l , N 

26 

I  =  NH  —IB 

27 

IP1  =  IM 

28 

SUM  =  XII) 

29 

IF  (IP1  • GT •  N 

30 

DO  25  J  =  I  PI , N 

31 

SUM  =  SUM-A 

32 

25 

CONTINUE 

33 

30 

XI  I  )  =  SUM/AC  1,1) 

34 

RETURN 

35 

END 

A( IA, 1 ) .3 ( 1 ) . IPVTI 1 ) . X< 1 ) 

A ,0 ,X , SUM 

FIRST  EXECUTABLE 
SOLVE  LV  =  B  FOR 

GO  TO  15 

I.J)*XCJ) 

DO)  IV  =  I 

SOLVE  UX  =  Y  FOR 

GO  TO  30 

r .  j ) *x( j  ) 


STATEMENT 

Y 


X 
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A. 5  Theoretical  Development  of  the  Rand  algorithm 

A  variety  of  methods  have  been  proposed  for  calculating  compositions 

in  multiphase,  reacting  systems  at  equilibrium.  The  technique  derived 

here  employs  the  Newton-Raphson  method  to  minimize  the  Gibbs  Energy  of 

an  ideal  system.  The  problem  may  be  formulated  as  follows:  Given  the 

initial  mole  numbers  of  all  species,  the  temperature,  and  the  pressure, 

determine  the  composition  which  minimizes  the  Gibbs  Energy  of  an  ideal 

mixture  subject  to  atom  balance  constraints.  The  system  considered  here 

allows  for  the  presence  of  a  gas  phase  (with  an  inert  species  permitted), 

multiple  pure  condensed  phases,  and  a  condensed  solution  phase  all 

existing  in  equilibrium.  If  we  assume  all  mixtures  behave  in  an  ideal 

★ 


manner,  the  total  Gibbs  energy  of  the  system,  G  (T,  P,  n.),  can  be 
expressed  in  terms  of  the  temperature  (T),  pressure  (P)  and  chemical 


species  mole  numbers  (n.)  asu 
.*  1  v 


G  (T,P,n,)/RT  =  G  =  f  n . I  p°+ 

i=l  1 !  i 


In 


n .  P 


Z  P 


v+s 


-  I 

i^v+l 


M 

i 


ni 

+  in  — — 

ns 


+ 


v+s+c 

l 


i=v+s+l 


O 


(1) 


) 


In  this  expression  the  following  notation  is  used: 
n.  =  moles  of  species  i 

zy  =  moles  of  inert  specie  in  the  vapor  phase 


n 


n 


v 


s 


o 

u. 

i 

V 

s 


=  total  moles  of  vapor 


v+s 

l  n.  =  total  moles  of  condensed  solution 
i=v+l 

=  standard  state  chemical  potential  divided  by  RT 
=  number  of  vapor  specie 
=  number  of  solution  specie 
=  number  of  pure  condensed  phases  present 


c 
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The  minimization  problem  is  constrained  by  the  conservation  of  atomic 
elements  such  tnat 

v+s+c 


aii"i 


(2) 


where  a-,  is  the  number  of  atoms  of  element  j  per  molecule  of  species  i 
J  i 

and  b.j  is  the  total  number  of  gram-atoms  of  each  of  the  E  elements  present 
in  the  system. 

The  first  step  involves  an  expansion  of  G  in  a  quadratic  Taylor  series 
about  a  solution  estimate  n  as 


Gk+1-  Gk  +  VyC<Sn. 

i=l  1 

.  k+1 

where  n.  =  n. 


3Gk 


3n^ 


?  k 

v+s+c  v+s+c  3  G 

1  I  l  - 

7  i  =1  1=1  1  £  ?nrn. 


(3) 


n*.  The  partial  derivatives  required  in  Equation  (3) 


are  found  by  analytical  differentiation  of  Equation  1 
ferentiation  and  simplification  the  results  are: 
for  i  =  1 , .  ■ . .  ,v 


After  dif- 


r,  O  niP 

3Gk/3n|  =  ui  +  £n  — - 


and 


For  i  =  v+1 , 


0  Is 

3_G_ 

3n? 


n-  n. 


32GK  _  , , 

3n.3n^i  '  "  l/nv 

,,V+s 


3G^/3n^  =  +  £n 


n. 


32Gk/3n? 


1/ni  -  Vn$ 


32Gk/3ni3n£/fi  =  -  l/n$ 


(4) 

(5) 

(6) 

(7) 

(8) 

(9) 


Upon  substituting  Equations  4-11  into  3  and  simplifying  the  following 


result  is  found 


,k+l 


=  Gk  +  l  6n, 
1-1  1 


o  niP  1 

y.  +  in  — 1 


n. 


1 


+  2  * 

i  =1 


f~on2 


:niinv 


n 


l 


1 


v+s 


+  -T  .1 


i=v+l 


"<5n 


6n. 
i  s 


L_  "i 


v+s+c 

+  l  in.. 


i=v+s+l 


i  i 


(12) 


Since  the  atom  balance  must  also  be  satisfied  for  the  new  solution  estimate, 

v+s+c 


K+l 

n1'  1 ,  the  subtraction  of  .z.  ajini 


.k+l 


bj 


for  all  elements  E  from  G 


k+l 


wi  1 1 


not  change  its  value  as  is  easily  ascertained  from  Equation  2  .  An  un- 

.k+1 

constrained  objective  function,  <P  ,  results  when  using  Lagrange  multipliers 


for  each  atom  balance,  Tr.  (j=l,2, . E). 

J 


Ak+1  rk+l 

<p  -  b 


V+S  +  C 


(13) 


k+l 


The  problem  has  now  been  reduced  to  minimizing  $  as: 
k+l 


(14) 


90 


=  0 


5nf+1  M  .  I  .  I  for  Is  1,  v  (15) 

1  "  ",  j=J+S  "V. 


=  °  +  gn  J!±  +  lni  ■  -  l  i/j a  -i  for  v+1  <  i  <  v+s  (16) 

y’  -  j=v+l  ns  j=l  J  J 


's  n. 


=  u  -  Mu 


for  v+s+1  <  i  <  v+s+c  (17) 
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with  the  addition  of  Equation  2  rewritten  as 

v+s+c 

T  a  •  ■  (6n.  +  n.)  =  b.  for  1<  j<  E  (1 

1=1  J1  1  1  J 

we  now  have  v+s+c+E  linear  equations  (Equations  15  -  18}  in  the  same 
number  of  unknowns  (v+s+c  <5n.'s  and  Eir.'s).  The  number  of  independent 

•  J 

linear  equations  that  must  be  solved  simultaneously  can  be  reduced  by 
hand  elimination  of  v+s-2  equations  as  follows:  Solving  Equations  15 
and  16  for  gn^  yields 


v  6n 


6  n  •  =  n  •  y  — — j —  +  .  ^  i  ^ .  a  . .  -y  . 

i  i  nv  j=l  j  ji 


for  1  <  i  <  v 


E 

v+s  6n.  y  °  n  ni 

i .  =  n-  y  — -1—  +  tr.a..-ii.  -  Jtn  — L— 

1  1  j^v+i  "s  J=1  J  J1  1  ns 


for  v+1 <  i  <  v+s  (20) 


Equations  19  and  20  contain  only  5n.  on  the  right  hand  side  in  terms 
v  n.  v+s  1 

of  V  "V1  anH  l  __ 1  and  we  shall  designate  these  two  summations  as 

v  an  j=v+l  ns 

the  new  variables  uv  and  us»  respectively.  With  Equations  19  and  20 
6n.  for  1  <  i  < v+s  can  be  eliminated  in  Equation  18  with  the  result 


v+s+c 


,LVL  ♦  u  J,  Vi  +  us  i  *jlV  i 

<■->  i-l  v1_l  i=v+l  i-v 


v+s+1 


aji5ni 


v+s  f 


.  -  b .  +  y  a..n.  u.  +tn  -±—  +  7  !u°  +  in  -+  a..n.  for  1<  j< 

J  J  fa  Ji  i  p  nv  i4+U  1  ns)  J1  1 


....(21) 


where  b-  is  the  gram-atoms  of  element  j  in  system  as  determined  by  the 
J 

k 

mole  numbers  nv  and  b.  is  provided  by  the  initial  condition. 


Besides  Equations  17  and  21  ,  two  additional  equations  are  required. 

As  only  v+s-2  3n.  variables  were  hand  eliminated,  the  rereining  two 
1  v 

equations  must  be  a  linear  combination  of  this  set,  for  example  7  6n. 

v+s  i=l  1 

and  l  6n.  results  in 

i =v+l  1 

E  v  v  (  _  n.P) 


l  \  l  a  .n.-zvuv  =  l  n-  y°+  lr^~ 
1=1  S=1  n  1  i=l  1  [  i  nvj 


E  v+s 

l  \  l 

1=1  16  i=v+l 


v+s  f  n. 

=,4+1 


Thus  the  final  set  of  linear  equations  to  be  solved  includes  Equations  17  , 
21-23  (E  +  c  +  2  equations)  for  unknowns  ^  (1  c  l  <  E),  6n..  (v+s+l<  i  < 
v+s+c),  Uy  and  u$. 

The  procedure  is  thus  to  input  the  temperature,  pressure,  all  species 
possibly  present  along  with  their  standard  state  chemical  potential  and 
formula  vector  (a..),  total  gram-atoms  of  each  element  present  ( b  - ) ,  and 

J  •  J 

an  initial  guess  of  the  equilibrium  composition.  The  solution  of  Equations 
17  and  21  -  23  for  uy,  u$  and  the  C  5n^'s  allows  the  computation 
of  the  remaining  v+s  <5n^'s  with  Equations  19  and  20  .  A  new  solution 
estimate  can  now  be  obtained  as 


=  ni  +6n. 


This  procedure  is  repeated  with  the  new  solution  estimate  until  the  com¬ 
position  converges  to  within  a  specified  increment  of  the  last  two  solutions 


estimates. 


A. 6  Example  Calculation:  The  Ga,  As,  H  System. 

Figure  A27  shows  the  results  of  an  equilibrium  calculation  for  the 
Ga,  As  and  H  system.  The  wrap-up  file  output  is  shown  in  Figure  A28  and 
the  data  file  which  yielded  these  results  is  shown  in  Figure  A29.  This 
calculation  determines  the  equilibrium  composition  of  a  system  which 
initially  consisted  of  10%  As,  10%  Ga,  10%  Hg  and  70%  inert  in  the  vapor 
phase.  The  calculation  was  performed  for  a  temperature  of  1000  C  at  one 
atmosphere  pressure. 

This  example  is  provided  as  a  demonstration  of  the  data  file  required 
and  type  of  output  received.  It  is  not  intended  to  represent  a  CVD 


process. 


Figure  A27 

Results  for  the  Ga,  As,  H  System 
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Figure  A29.  The  Input  Data  File 
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10. Appendix  B.  MCMPEC . STOIC :  A  Computer  Code  for  Calculating  Che-ical 

Equilibria  Using  a  Sto  ich  i  o~e  ic  Algorithm 


8.1  Introduction 
B.2  The  Main  Proqram 

B.2.1  Array  Dimensions,  Expandab i 1 i ty  and  Initial izabion 
B.2.2  Data  Input 

B.2. 3  Preparation  for  the  Iterative  Solution 

B.2.4  Iterative  Solution  for  the  Equilibrium  Composit:on 

B.2. 6  Output  of  Results 

8.2.6  Listing  of  the  Main  Proqram 

B.3  A  Description  of  the  Major  Variables  in  MCMPEC. STOIC 

B.4  Descriptions  of  the  Subroutines 

B.4.1  STSTCP 
8.4.2  ESTMTE 
B.4. 3  STEADY 
8.4.4  TOTSI 
B.4. 5  RATIO 
B.4. 6  OPTBAS 
B.4. 7  TESTD 
B.4. 8  EQCON 
B.4. 9  ACTCOF 
B.4. 10  CALCO 

B.4. 12  CNVFRC  and  DGOLAM 

B.4. 13  CORMOL 

B.4. 14  ORDER 

B.4. I  5  WRAPUP 

B.4. 16  DEBUG 

B.4. 17  GIBBS 

3.4.18  PMAT ,  OPMAT,  PVEC  and  IPVEC 

3.4.19  IMSL  Subroutines  LINVIF,  LEQTIF,  LUELMF,  LIJDATF 


B.5  Theoretical  Development  of  the  Stoichiometric  Algorithm 
8.6  Example  Calculation:  The  Ga/As  system  source  zone 


Append i x  ? 


MCMPEC. STOIC:  A  Computer  Code  for  Calculating  Chemical  Ec-Mibria  Using  a 
Stoichiometric  Alaorithm. 

B.l  Introduction 

The  calculation  of  chemical  equi 1 ibiru^  usinq  a  stoichiometric  algorithm 
is  based  on  the  work  of  Cruise  [1]  and  Smith  and  Missen  [2].  The  stoichiometric 
algorithm  requires  a  set  of  formation  reaction  equations  for  each  specie  of  the 
form 


(I) 


where:  S.  =  specie  being  formed 

S^  =  basis  specie  in  the  system 

v.  .  =  reaction  coefficient 
E  =  number  of  elements  in  the  system 

An  optimum  set  of  basis  species  is  chosen  by  selecting  those  species  which 
represent  all  of  the  elements  present  in  the  system,  are  linearly  independent 
from  each  other  and  are  present  in  the  greatest  molar  amounts.  Employing  this 
set  of  optimum  basis  species  minimizes  the  number  of  iterations  required  in  the 
numerical  solution. 

The  iterative  solution  for  equilibrium  composition  proceeds  by  calculating 
equilibrium  constants  for  each  formation  reaction  using  the  Gibbs  Free  Energy 
change  of  the  reaction  and  the  current  estimate  to  the  ea-..’  librium  composition. 
These  two  values  are  compared  and  the  extents  of  each  formation  reaction  are 
then  adjusted  to  yield  a  better  approx imat 'on  to  the  system  equilibrium 
composition.  Since  the  formation  reactions  a? e  initially  oalanced  the 
conservation  of  mass  constraint  is  implicitly  included. 


The  application  of  an  explicit  set  of  formation  reaction  eolations  results 
in  a  greater  flexibility  for  stoich iometr  ic  algorithms  as  compat ed  to 
nonstoich iometr ic  algorithms.  There  are  no  restrictions  jDon  the  types  of 
phases  which  must  be  present,  i .e.  systems  which  do  not  include  a  vapo'  phase 
are  solvable.  Also,  it  is  not  necessary  to  remove  pure  condensed  phases  as 
their  compositions  vanish  since  the  reaction  extents  simply  vanish.  The  storage 
requirements  for  this  stoichiometric  algorithm  are  ~uch  less  than  those  of  the 
Rand  algorithm  in  Appeniix  A.  Only  87  k-bytes  are  required  for  a  system 
consisting  of  50  species  composed  of  up  to  13  elements. 

MCMPEC. STOIC  assumes  the  vapor  phase  to  be  ideal  and  includes  an  inert 
specie.  The  solution  phase  may  have  non  ideal i t ies  described  by  Henry's  Law, 
simple  solution  theory  or  may  be  modelled  as  ideal.  The  code  includes  options 
to  allow  temperature,  pressure  and  inlet  composition  loops  in  order  to  qenerate 
data  for  parametric  analyses. 

Currently  there  is  evidence  vfriich  suggests  that  the  liquid  solution  in  the 
source  zone  of  the  CVD  halide  system  is  at  steady  state  [3].  An  option  has 
therefore  been  included  to  model  this  situation  in  the  Ga/As  and  In/5  systems. 
Several  data  output  and  debugging  options  have  also  been  included  and  are 
discussed  in  subsection  8.2.?. 

The  structure  of  the  main  program  along  with  data  input  and  outp.it  a>e 
discussed  in  section  8.2.  A  description  of  the  major  varaibles  in  the  code  is 
located  in  section  B.3  and  discussions  of  each  subroutine  are  presented  in 
section  8.4.  The  theoretical  development  of  the  stoichiometr ic  algorithm  is 
presented  in  section  8.5  and  an  example  calculation  is  located  in  section  3. A. 


B.2  The  Main  "cogram 


A  flowsheet  for  MCMPEC. STOIC  is  shown  in  Figure  Bl.  'I'he  main  program  sets 
array  dimensions,  provides  a  framework  for  calling  the  subroutines  and  perforins 
data  input  and  output.  The  temperature,  pressure  and  composition  loops,  for 
generating  parametric  data,  and  the  iteration  loop  for  determining  the 
equilibrium  composition  are  also  located  in  the  main  program.  Data  output  which 
does  not  take  place  in  the  main  program  occurs  in  subroutines  DEBUG,  PMAf, 

DPMAT,  PVEC,  IPVEC  and  WRAPUP.  Output  whicn  is  useful  for  debugging  purposes  is 
written  by  DEBUG,  PMAT,  DPMAT,  PVEC  and  IPVEC  while  WRAPUP  writes  out  a  concise 
file  which  summarizes  the  results.  Also,  execution  diagnostics  which  pertain  to 
the  various  subroutines  are  written  out  by  the  appropriate  subroutine. 

A  listing  of  the  mam  program  is  located  in  section  B.2. 6. 

B.2.1.  Array  Dimensions,  Expand ab 1 1 1 ty  and  In  1 1 1  al 1 zat ion  . 

The  arrays  used  in  MCMPEC. STOIC  are  dimesioned  in  lines  5  through  19. 
Currently,  systems  containing  up  to  50  different  species  comprised  of  up  to  13 
different  elements  may  be  modelled.  The  variables  IDIM1  and  IDIM2,  which  are 
initialized  in  lines  35  and  36,  are  used  to  set  the  array  dimensions  in  the 
subroutines.  Therefore,  the  code  may  be  expanded  to  accomodate  larger  systems 
simply  by  modifying  the  array  dimensions  in  the  main  program  and  the  values  of 
IDIM1  and  I D I  M2 .  It  is  suggested  that  the  element  dimension  I0IM2  not  be 
increased  beyond  13  as  this  will  result  in  output  line  lengths  greater  than  132 
characters  which  will  be  difficult  to  read  as  a  result  of  printer  "wr ap-around" . 
There  are  no  restrictions  (other  than  available  computer  memory)  to  the  number 

of  species  which  the  code  may  be  expanded  to  accomodate. 

The  logical  unit  designators  for  the  input  file,  printed  output  and  the 
wrap-up  file  are  initialized  at  lines  32,  33  and  34. 


Figure  31 


Main  Program  Flowsheet  for  MCMPEC. STOIC 


“OTmerTston  arrays  and  seTTi’mTtfs  for  the" 
maximum  number  of  species  and  elements 
present  in  the  system 


Suppress  pointing  of  overf  I  ow,  under  f  I  ow 
divide  by  zero  and  exponential  argument 
error  messages 

(subroutine  ERRSET) 


1)  number  of  elements,  species 
temperature  and  pressure 

2)  thermophys ical  data  for  the 
vapor,  solution  and  pure 
condensed  phase  species 

5)  maximum  nunber  of  iterations 
allowed  and  computational 
options 


earT  tTfe  FniTtaT  compositions  in  the 
apor,  solution  and  pjre  condensed  phases 


write-out  the  input  -|?ta  if  IWRA"  J 


{ 


I WR  AP  >0 


Write  out  tne  temperature  oressure 
and  composition  estimate  to  the 
wrap-up  files  (subroutine  WRA3IJP). 


Determ i ne  an  o'ptimum  set  of  basis  soecies  for- Tne~ formalTTon 
reaction  equations 

( subroutine  OPTS-S) . 


a i c ulate  the  ec . ii  1  ibr ium  constan t s  'For  the  fo rx  a  1 1 on 
reactions  from  the  Gibbs  Free  Energy  changes  i subroutine 
EQCON) . 


Calculate  the  ac t  T v ity  coefficients  for"  each-  spec  1  < 
(subroutine  ACTCOF) . 


Has  the  so lut ion 
converged? 


etermine  the  total  moles  ot  s i 1  icon 
species  and  the  III/V  atom  ratio  in 
the  vapor  phase  (subroutine  TOTSI 
and  RATIO). 


Write  out  the  results  if  IWRAP<2. 


IWRAP>0 


Write  out  the  results 
to  the  wrap-up  file 
->  (subroutine  WRAPUP) 


Lines  49  and  50  call  the  system  subrcjt  "ip  ERRSET  to  suopress  print l^q  of 
overflow,  underflow,  divide  by  zero  and  exponential  argu’-e-t  error  -essac-es. 
These  errors  occur  quite  frequently  in  subroutine  CALCQdu'ing  the  first  few 
iterations  as  a  result  of  the  small  initial  concentrat ions  of  some  of  the 
species . 

8.2. 2  Data  Input 

Data  input  is  accomplished  in  lines  5!  through  159.  A  summary  of  the  input 
data  set  is  shown  in  Table  B.  I  and  a  description  of  each  input  vanaole  is 
located  in  Table  8.2. 

The  first  input  record  consists  of  a  data  set  title  which  may  be  up  to  80 
characters  in  length.  The  second  record  consists  of  the  number  of  elements  in 
the  system,  the  number  of  species  in  the  vapor,  solution  a°d  pure  condensed 
phases,  followed  by  the  systen  temperature  a-d  pressure.  The  last  two  pieces  of 
information  on  this  record  are  the  reference  temperature  ard  pressure  for  the 
enthalpies  and  entropies  of  formation.  The  symbols  for  each  element  are  on  the 
third  record.  Two  characters  are  allowed  for  each  element  symbol. 

The  next  3V  records  contain  information  regarding  the  species  present  in 
the  vapor  phase.  The  first  record  contains  a  12  character  specie  name  and  the 
enthalpy  and  entropy  of  formation  at  temperature  T0  and  pressure  Pp  for  this 
specie.  Heat  capacity  correlation  information  is  contained  on  the  second  record 

and  the  number  of  atoms  of  each  element  which  are  present  in  a  single  molecule 
of  the  specie  are  on  the  third  record.  Records  3V+1  to  3V+3  contain  this  same 
.nformation  for  an  inert  specie  in  the  vapor  ohase.  The  inert  specie 
information  must  always  be  present  in  the  data  set.  When  it  is  desired  to 
perform  a  calculation  without  the  inert,  its  initial  concer.tr  at  ion  is  simply  set 
to  zero.  This  same  information  must  also  be  provided  for  each  specie  in  the 
solution  phase  and  each  pure  condensed  phase. 


Table  B.  I 

Input  Data  Set  for  “VCVPEC. STOIC 


Record 

Co^ents 

Format 

Title  (1),....  TITLE  (20) 

80  Character  Title 

20A4 

E,  V,  S,  C,  T,  P,  T0,  PQ 

415,  4FI0.0 

ELMNT  (1),  ELMNT  (2)  ....  ELMNT  (E) 

Element  Symbols 

13  (  IX,  A2 ) 

SPECIE  ( I  ,K) ,  DM0 ( I ) ,  DSO(I) 

3A4,  2EI2.5 

A0( I ) ,  A 1 ( I ) ,  A2(I),  A3( I ) ,  ICP(I) 

Each  vapor  phase  scecie 

4EI2.5,  12 

A(I,1),  A(  1 ,2) - A(I,E) 

1 3 ( F 5 . 0 ,  IX) 

Inert (K) ,  DHOZ,  OSOZ 

3A4,  I2EI2.5 

AOZ,  AIZ,  A 2Z,  A3Z,  ICPZ 

Inert  vapor  phase  specie 

4E12.5,  12 

I  DUMMY 

1 3 ( F  5 . 0,  IX) 

SPEC IE( I ,  K),  OH 0 ( I ) ,  OSO(I) 

3A4,  12EI2.5 

AO ( I ) ,  AI(I),  A2( I ) ,  A3( I ) ,  ICP(I) 

Each  solution  phase  specie 

4E12.5,  12 

A(  1,1),  A( 1 ,2) , . . ,A( I ,E) 

1 3 ( F 5 . 0 ,  IX) 

SPEC  IE ( I  ,K) ,  A2( I ) ,  A3( I) ,  ICP(I) 

3A4,  I2EI2.5 

A0( I ) ,  A 1 ( I ) ,  A2( I ) ,  A3(I),  ICP(I) 

Each  pure  condensed  phase 

4EI2.5,  12 

A ( 1 , 1) ,  A( 1,2) _ A( I,E) 

1 3 ( F  5 . 0 , IX) 

IDE^UG,  IOPT,  ISS,  I WRAP,  MAXIT,  NMA X 
CNVG,  TINC,  PINC,  RLXMIN 

615,  4FI0.0 

TOTMV 

, 

EI2.5 

FRAC(I),  FRAC( 2 ) . . .  .  FRAC(V),  FRACZ 

6EI2.5 

TOTMS 

EI2.5 

FRAC( V+l ) ,  FRAC( V+2) . . .  FRAC(V+S) 

6EI2.5 

IXSCOR,  AXS,  BXS 

IS,  2EI2.5 

TOTMC(  V+S  1  ) .  .  .  TOTMC(  V+5+C ) 

6EI2.5 

* . 


Table  B.2 

Description  of  Input  Variables 


Variable 
TITLE  (20) 


ELMNT  (13) 
SPECIE  (50,  3) 
A  (50,  13) 

DHO  (50) 


DSO  (50) 


AO  (50) 
A1  (50) 
A2  (50) 
A3  (50) 
ICP  (50) 


Description 

80  Character  data  set  title 

Number  of  elements  (E  <13) 

Number  of  vapor  species  excluding  the  inert 
Number  of  solution  species 
Number  of  pure  condensed  phases 
System  Temperature  (K) 

System  Pressure  (Pa) 

Reference  Temperature  for  AH  and  AS  formation 
Reference  Pressure  for  AH  and  AS  formation 

2  character  symbol  for  each  element  (right  justified) 

12  character  symbol  for  each  specie 

Elemental  abundance  matrix 

Enthalpy  of  formation  (kcal/g-mole)  for  each 
specie  at  Temperature  TO  and  Pressure  PO. 

Entropy  of  formation  (kcal/g-mole-K)  for  each 
specie  at  Temperature  TO  and  Pressure  PO. 

Heat  capacity  correlation  parameter  (kcal/g-mole-K) 
Heat  capacity  correlation  parameter  (kcal/g-mole-K^) 
Heat  capacity  correlation  parameter  (see  Table) 

Heat  capacity  correlation  parameter  (see  Table) 

Heat  capacity  correlation  parameter  (see  Table) 


ICP  (I) 


Heat  Capacity  Correl a t 1 o ns 


A2  (i; 


A3  (I) 


Correlation 


kcal -K/g-mole 


kcal/g-mole-K-Zn(k)  A0+A1  *T+A2/r+A3*;.n  (T) 


kcal/g-mole-i 


kcal/g-mole-K 


A0+A1*T+A2*T2+A3*T3 


3 


INER  T( 3 ) 


12  Chat' acter  name  for  inert  vapor  scr :  e 


OHOZ 


DSOZ 

AOZ 
A I  Z 

A2Z  ■ 

A3Z 

ICPZ_ 

I  DEBUG 


I  OPT 


ISS 


Inert  Specie  enthalpy  of  formation 
Inert  Specie  entropy  of  formation 

Inert  specie  heat  capacity  correlatip"  parameter 


Debuqqing  Outout  oararete- 
IDE3UG  Funct  ion 

0  Warning  messaqes  a»*e  or  in  tec  when  problems  v 

encountered  in  the  IMSL  s-t-out ines 


1  Prints  IDE8!JG=f>  option  pi  jS  composition  chan-j 
and  Gibbs  energy  for  each  iteration. 

2  Prints  I DE8UG= I  option  plus  matricies  and 
vectors  D,  DPRME,  KE Q  and  Q  for  each  i ter  a t  : o 

Looping  Option  Parameter 
IOPT  Function 

0  One  pass  through  routine 

1  Temperature  loop 

2  Pressure  loop 

3  Composition  loop 

Source  Zone  Steady  State  Option  Par  >eter 
ISS  Funct ion 

0  Steady  state  option  is  inactive 

I  Ga/As  liquid  composition  ;s  at  steady  state  w 

GaAs  so  1  id . 


2 


In/P  liquid  composition  is  at  steady  state  wi 
InP  solid. 


If  Jilt] 


'.v't  i  » rip  *  ”  lata,  execution  diagnostics  and 

'fiS  ll'  l  L'  '  O'  1  *’  t f* 

I*-—  ?  f  j<-  t 1  on  p!  a  w>- 1 tes-out  a  concise 


.t ,  ’ ist  a  w ap-up  file 

to  '  "t  printer- 


MAXIT 

Max  r-ii 

^  P.  . 

C 

1  i  •  1  • 

a-  ■  ‘jt  the  eg  i 

c  of  -  c  ;  s  1 1 1 

'  _  ' 

NMAX 

m  a  ■  i 

i 

lo  :  <  /.-i  -  - 

t - ~  I  Op  7  pan  am 

CNVG 

convenience 

C.r 

I 

1  JO 

TINC 

tamper-  ature 

ncr  e 

-;.nf  for  e  a ' n  loco 

i*  IQPr-  I 

PINC 

pressure  in 

:  r  ei 

lent 

for  each  1  r  ip  if 

iuj:=2 

TOTMV 

total  moles 

i 

the 

vapor  phi,-. 

TOTMS 

total  moles 

in 

the 

solution  p h a •, e 

T0TMC(  I ) 

total  moles 

in 

eac 

h  pijre  con.l-'ised 

ph  a  se 

mole  fraot 

i  on 

of 

specie  i  in  vapor 

(l::l<v) 

FRAC(I) 

mo  1 e  fr  ac  t 

ion 

of 

specie  i  in  solution  (V+I<I<V) 

FRACZ 

mole  fraction  ■ 

i 

nert  m  v  a;  u 

IXSCOR 

ac  1 1  v  ty  c  ; 

-f  f 

1C  I" 

,  .  .  '  j  *  ;  .  ;  . ,  ; 

fj,  the 

IXSCER 

rr  t  ,  *•  ; '  i  • 

0 

!  J  >  1  1  u 1  i  n 

1 

bin  a  -  y  s  :  • :  h-  sol 

u  t  i  p  n 

tin  Or-  /  5  J.  v« 

AXS,  BXS  activity  coefficient  correlation  coeff’cient  for-  the  solution 

phase 

IXS'hq  Cor rej at  ion 

0  ideal  sc  I  ut  mn 

1  G"=(AXS  +  3Xv  *  T)  *  XI  *  X2 

2  H  =  AXS  *  EXh  (3XS/T) 

r  i °  •  r-  v  3 !  -i«»  of  the  conv'V  ]•••>.•  fr> r . 


p  l  vr1  i  n 


Following  the  data  for  each  individual  specie  is  a  retard  describing  the 
various  options  available  and  numerical  methods  infer mat  ip- .  Parameter  IDE8HG 
should  be  set  to  zero  for  production  jobs  but  -ay  be  set  ::  I  or  2  to  provide 
information  which  allows  the  code  to  be  examined  in  a  step  try  step  fashion. 

Parameter  IOPT  al  lows  the  code  to  be  looped  in  order  generate 
temperature,  pressure  or  composition  parametric  curves.  Vf-X  sets  the  number  of 
loops  to  be  executed  while  TINC  and  PINC  are  the  temperature  and  pressure 
increments  per  loop.  If  a  composition  loop  is  desired  a  ^e-w  initial  composition 
data  set  must  be  provided  for  each  loop. 

Parameter  ISS  is  used  to  activate  the  steady  state  lipjid  source  option. 

If  ISS  is  set  to  I  the  composition  of  a  liquid  containing  3a  and  As  in 
equilibrium  with  GaAs  solid  is  calculated.  This  liquid  is  ’ 'serted  as  the  last 
pure  condensed  phase  in  the  system.  Thus  when  the  value  c*  C  ( number  of  pure 
conc-nsed  phases)  is  specified  it  must  include  a  steady  state  phase  if  ISSs0 
othe-wise  the  last  pure  condensed  phase  in  the  system  will  be  replaced  with  the 
steady  state  liauid.  Setting  ISS=2  will  model  a  liquid  of  In  and  P  in 
equilibrium  with  InP  solid. 

The  parameter  IWRAP  is  used  to  choose  the  amount  of  data  output  desired. 
When  IWRAP=0  the  input  data  is  written  out  in  tabulated  form  along  with  a 
description  of  the  options  chosen,  execution  diagnostics,  eoui librium 
compos  i  t  ions,  reaction  formation  equations  and  a  comparison  between  the 
equilibrium  constants  for  th-se  eauations  as  calculated  from  the  free  enerqy 
changes  and  the  compositions.  With  IWRAP=1  a  concise  wrap-up  file  is  written  to 
logical  unit  designator  IFILE  ( I F I LE=2 )  in  addition  to  the  IWRAP=0  option. 

These  two  output  options  are  quite  useful  when  one  is  becoming  acquainted  with 
the  code  as  they  provide  an  echo  of  the  input  data  set  and  a  verification  of  the 
results.  Options  IWRAP=2  and  I  WRAP  =  3  provide  only  wrap-up  file  output  to  IFILE 
and  IWRT  respectively. 

MAX  I T  sets  the  maximum  number  of  inter  at  ions  to  be  performed  for 

calculating  the  equilibrium  compositions.  Typically  MAXIT  is  set  to  1000.  The 

equilibrium  compositions  are  considered  converged  when  the  relative  difference 
between  the  equilibrium  constants,  as  calculated  from  the  Gibbs  Free  Energy 
change  of  the  formation  reactions  and  from  the  estimate  to  the  eaui I ibr ium 
composition,  is  less  than  CN'/G.  A  typical  value  for  CNVG  is  10"  \ 

The  inlet  compositions  for  the  vapor,  solution  and  pure  condensed  phases 
are  next  in  the  input  data  set.  The  total  moles  in  the  vapor  are  on  one  record 
and  the  following  records  contain  the  mole  fractions  of  each  component  in  the 
vapor,  the  last  value  being  the  rnole  fraction  of  the  inert.  The  solution  phase 

inlet  compositions  are  done  the  same  way  except  that  there  is  no  inert. 

Following  the  solution  phase  mole  fractions  is  a  record  which  determines  the 
activity  coefficient  model  to  be  used  in  the  solution  phase.  For  IXSC0R=0  the 
solution  is  considered  to  be  ideal.  Setting  I X SCOR  = 1  yie’ds  a  binary  simple 
solution  model  for  the  excess  Gibbs  Free  Energy.  A  Henry’s  Law  constant  for  the 
first  component  in  the  solution  phase  is  activated  by  sett!nq  IXSCOR=2.  The 
parameters  AXS  and  3XS  are  used  in  the  activity  coefficient  models  as  shown  in 
Table  B?. 
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Tne  final  records  of  the  input  data  set  contain  the  n^-per  of  moles  in 
each  pure  condensed  phase. 

B.2.3.  Preparation  for  the  Iterative  Soljtion 

'rne  limits  for  the  temperature,  pressure  and  composition  loops  are  set  at 
lines  136  through  133.  The  composition  loop  ( I  OP  T= 3 )  starts  at  line  134. 

■rne  input  specie  order  is  saved  so  that  the  results  may  be  output  in  this 
order.  This  step  is  necessary  since  the  specie  order  is  shifted  during  the 
iterative  procedure  in  order  to  obtain  an  optimum  set  of  basis  species  and  it 
is  convenient  to  compare  the  equilibrium  results  to  the  input  concen tr at  ions 
in  the  same  sequence. 

"ne  specie  names  alonq  with  their  associated  enthapy  oc  formation, 
entropy  of  formation  and  heat  capacity  correlation  data  are  then  written  to 
IWRT  if  IWRA?<2.  Also,  the  temperature  and  pressure  of  the  reference  state, 
max'~um  number  of  iterations,  convergence  criterion  and  the  debugging, 
steady-state  and  solution  phase  excess  free  energy  correlation  options  are 
ident i fied. 

Tne  temperature  and  pressure  loops  (I0PT=1  or  I  OP  T= 2 )  start  at  line  209. 
Subroutine  STSFCP  is  called  to  calculate  the  standard  state  chemical  potential 
of  each  specie.  Subroutine  ESTMTE  is  then  called  to  provide  an  estimate  to 
the  equilibrium  composition  durinq  the  first  pass  through  the  temperature/ 
pressure  loop.  Succeeding  passes  through  this  loop  utilize  the  equilibrium 
composition  of  the  preceding  pass  as  an  estimate  of  the  current  equilibrium 
composition  when  ISS-0. 

If  the  steady  state  option  is  activated  ( I S S > 0 }  subroutine  STEAD/ 
inserts,  as  the  last  pure  condensed  phase,  a  liquid  phase  composed  of  group 
III  and  V  elements  'which  has  a  composition  determined  by  the  liquidus  line  of 
the  1 1 1  -  V  system  at  the  specified  temperature.  The  total  moles  of  each 
element  present  is  then  calculated  based  on  the  estimate  of  the  equilibrium 
compositions.  This  result  is  later  written  out  along  with  the  previous 
determination  of  each  element  to  provide  a  means  of  verifying  that  mass  has 
been  conserved  in  the  calculations. 

The  initial  composition  estimate,  standard  chemical  potential  a°d 
elemental  abundance  vector  for  each  specie  along  with  the  amount  of  each 
element  present  in  the  system  are  written  out  if  IWRAPC2.  Tms  occurs  in 
lines  245  through  286.  Headings  for  a  page  containing  execution  diagnostics 
are  set  up  in  lines  289  throuqh  294  and  the  standard  state  chemical  potentials 
are  divided  by  R  and  T  in  acco»’J  nth  the  derivation  in  section  B.5. 

During  the  first  pass  through  the  temperature  or  pressure  loop  the  total 
moles  of  silicon  compounds  and  the  group  III  to  group  V  atom  ratio  in  the 
vapor  phase  are  calculated  in  subroutines  TOTSI  and  RATIO.  The  specie  initial 
concentrat ions  along  with  the  total  silicon  and  1 1 1  -  V  atom  ratio  in  the  vapor 
are  then  written  to  a  wrap-up  file  if  IWRAP'-O. 
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B.2.4  Iterative  Solution  for  the  Equi  I  ibr  i  jti  Composition. 

The  iterative  scheme  for  determining  the  equilibrium  c  jr-oos  1 1  ’ons  is 
located  at  lines  319  through  421.  Before  entering  the  loop  9E1.MAX,  the  relative 
maximum  error  between  the  actual  and  appro< mated  equilibrium  constants,  is  set 
to  a  large  number  and  IACFF  is  set  to  zero  to  prevent  the  inclusion  of 
non  ideal 1 1 1  es  in  the  solution  phase  until  a  close  approx  mat  ion  to  the 
equilibrium  composition  is  attained. 

Subroutine  OPTBAS  is  called  to  determine  the  optimum  set  of  basis  species 
for  the  current  iteration.  If  a  complete  set  of  basis  species  cannot  be  found 
parameter  ISTOP  is  set  to  unity  and  program  execution  is  halted.  If  parameter 
ICHNG  is  returned  as  zero  the  optimum  set  of  basis  species  for  the  current 
iteration  is  the  same  as  the  previous  iteration  and  an  unnecessary  recal cu ! af  ion 
of  the  equilibrium  constants  for  the  formation  reactions  is  omitted.  If  IC-NG 
is  not  zero  subroutine  EQCON  is  called  to  calculate  the  equilibria  constants 
for  each  formation  reaction  from  the  Gibbs  Free  Energy  change  of  the  reaction. 
Parameter  ISTOP  is  set  to  unity  in  subroutine  EQCON  and  execution  is  halted  if 
the  matrix  containing  t-he  basis  species  appears  to  be  a  I  gor  i  thm  ic  al  !y  sing^'ar 
to  subroutine  LINVIF. 

Subroutine  ACTCOF  calculates  the  equilibrium  constants  for  each  of  the 
species  and  subroutine  CALCQ  calculates  the  equilibrium  constants  for  each  of 
the  formation  reactions  from  the  current  estimate  to  the  equilibrium 
compos 1 1  ion . 

The  test  for  convergence  of  the  iteration  scheme  is  performed  in  lines  360 
through  393.  The  solution  is  consideied  to  have  converged  when  t'e  maximum 
fractional  disagreement  between  the  equilibrium  constants  calculated  from  the 
free  energy  change  and  the  composition  estimate  is  less  than  CNVG. 

If  the  convergence  test  fails  subroutine  ADJEXT  is  called  to  adjust  the 
extents  of  the  formation  reactions  in  order  to  obtain  a  better  estimate  to  the 
equilibrium  composition.  The  convergence  forcer  is  calculated  in  subroutine 
CNVFRC  and  the  mo  I ar  amounts  of  each  specie  are  updated  in  subroutine  C0RV0L. 
Subroutine  CALCQ  is  then  called  again  so  that  the  mole  fractions  cent  to  ACTCOF 
during  the  ne<t  iteration  correctly  reflect  the  composition.  A  message  is 
written  out  at  lines  423  through  428  if  the  iterative  procedure  terminates 
without  converging. 

Throughout  the  iterative  procedure  subroutines  GI8BS,  DEBUG,  PMAT,  DP^AT, 
PVEC  and  IPVEC  are  called,  depending  upon  the  value  of  IDEBUG,  to  provide 
intermediate  information  concerning  the  basis  species  and  convergence  of  the 
numerical  scheme. 

8.2. 5  Output  of  Results 

Following  the  loop  for  determining  the  equilibrium  compositions  subroutine 
GIBBS  is  called  to  calculate  the  final  system  Gibbs  Free  Energy.  Lines  439 
through  454  then  determine  chemical  potentials  for  each  of  the  soecies. 
Subroutine  ORDER  is  called  to  return  the  species  to  the  original  order  of  toe 
problem  statement.  Subroutines  TOTSI  and  RATIO  then  determine  the  total  silicon 
concen tr at  ion ,  the  group  III -V  atom  ratio  in  the  vapor  phase,  the  activities  of 
Si,  Ga,  As,  In  and  P  in  a  solid  phase  and  the  III/V  saturation  ratio. 


The  results  of  the  equilibrium  calculation  are  written  out  at  lines  <153 
through  520  if  IWRAP<2.  A  wrap-up  file  is  .vitten  at  line  521  if  IWRAP>0.  If  a 
temperature,  pressure  or  composition  loop  :  0 1  ion  has  been  chosen  ( I  OP  f  >0 )  the 
program  jumps  to  the  bottcn  of  this  loop  at  line  606.  Otherwise  the  set  of 
independent  formation  reaction  equations  a-e  written  Out  followed  by  a 
comparison  of  the  equilibrium  constants  for  these  reactions  as  calculated  by  the 
free  energy  change  and  the  equilibrium  comer s  1 1 10ns  . 

The  phrase  "NOT  BINDING"  frequently  ap.ears  to  the  right  of  the  equilibrium 
constant  comparisons  and  indicates  that  these  particular  reactions  were  not 
included  in  the  convergence  test  due  to  the  small  concentration  (Ni  <  1 0 -  2 1 
g-moles)  of  the  reaction  products.  Thus  the  two  calculated  equilibirum 
constants  for  these  species  may  net  be  in  agreement. 

The  punctuation  ?  and  ??  sometimes  accompany  specie  mole  numbers  in  the 
wrap-up  file.  A  single  question  mark  indicates  that  the  equilibrium  constant 
for  this  formation  reaction  did  not  converge  but  is  within  10%  of  the  desired 
value.  Double  question  marks  indicate  that  the  discrepancy  between  the 
equilibrium  constants  as  calculated  from  the  free  energy  change  and  the  final 
composition  is  greater  than  10%.  Occas  ion  a’  I  y ,  values  which  are  accompanied  by 
a  single  question  mark  may  be  useful. 

If  the  iteration  for  equilibrium  does  not  converge  there  are  several 
options  which  may  be  used.  First,  the  results  reported  are  always  the  best 
results  which  were  obtained  during  the  iterative  procedure.  This  is  true  even 
if  the  solution  diverges  because  the  set  oc  role  numbers  which  most  closely 
approximate  equilibrium  is  stored  in  vector  3ESTN.  Therefore,  if  the  solution 
fails  to  converge  but  the  BESTN  values  are  *ound  to  have  sufficient  accuracy, 
simply  use  the  resu 1 1 . 

In  other  situations  the  value  of  RLXMIN  may  be  adjusted.  Typically  RLXMIN 
is  set  to  0.05  to  allow  the  interative  procedure  to  continue  over  unusually 
intricate  contours  on  the  Gibbs  Free  Enerqy  surface.  If  the  solution  has  not 
diverged,  1  .e.  the  last  interaticn  is  the  best  estimate  to  the  equilibrium 
solution,  then  increasing  the  value  of  RLXMIN  will  usually  allow  the  solution  to 
converge.  If  the  solution  has  diverged  the  value  of  RLXMIN  should  be  decreased 
to  allow  smaller  steps  to  be  taken. 

Finally,  if  all  else  fails,  the  temperature  and  pressure  looping  options 
may  be  used  to  approach  the  desired  equilibrium  conditions  from  above  or  below 
the  parameters  of  interest. 


Table  B.2.6  Listing  of  the  Main  Program 


1  C  MCMPLC  •  iToI  C  ••••  *U  LTIC^-HP  —  N  -i  N  T  ^'JlT  IPMA  jc  cG^It  G  -O  c 

2  C  STCICICy'-T^IC  fCSWUATICN 

3  C 

4  C 

5  O I  MENS  ION  A( 5)  .  1 3 )  . ACCEr l 6 0 )  . AO ( £0  )  .  A  1 (  50 )  .  £2 ( oO )  .  A3 < 5  )  )  , 

6  £  6<  13)  .BCALC  (  12  )  .  CHMFT  (  £0  )  ,CC£F  F  (  c  )  . 

7  £  C(  13. 13) .0INV< 13 , 13)  ,CC1  13, 13) ,DG( EG) ,DH3t 50) .D60( EG > 

8  £  OZETA< 50 ) .FF.AC (50) ,FRAC IN (50 ) ,GNU (£0 , 13 ) , 

9  £  ICP< 501 . ICXBASI 13 >.  INCEX150 ) . INERT ( 3) ,G< 50) . ETCC  =  < 50  ) 

10  £  TOT  MC  (53).»rKA{50) 

11  I  NT cGER  6SPCE1 50 . 3  )  ,  I SPC£( SO » 3 ) .PHASE (50 . 3)  .SPEC i E < SO  .  3  )  , 

12  £  STRI NG( 6.4  )  ,T ITLE< 20 )  , V.S  .C .E .VP1  ,  VPS. VPSPl  . V 5 C , V SCr  , 

13  £  BQU£S( 50 >  . QUES ( SO )  , GUEST  1 / •  ?  • / .  G U E S T 2/ •  ? ?  •/. 

14  £  £LMNT{  1 3  )/ 13**  V,V4PCA(3)/'  V*.*ARC*,'F  •/, 

15  £  SCLN< 3)/* SCL*  .  • LT I  •  ,  •  CN  • / . CC NO ( 3 ) / • CO N • . • 5 f \ •  • • S S 3 • / , 

16  £  RPSPS/*-;  ♦  *  / .  RRAS  /  •  )  <=  •/.fiPBL/M  '/.SSPS/'  «-  •/, 

17  £  0LNKS/*  •✓,LF/,(‘/ 

19  REAL  KcQ(50) .NV.NS.LAM60A 

19  REAL *8  DO ,DINV.*KA ,N( 5G ) .3ESTN ( 50 ) .NTEMP (SO) .DPR ME ( 13, 13), CZ ETA 

20  C 

21  C  AII.J)  :  ELEMENTAL  ABUNDANCE  MATRIX 

22  C  B(J>  I  TOTAL  NUMBER  CF  GRAM-MOLES  CF  ELEMENT  J 

23  C  DHQ(  1 )  :  ENTHALPY  CF  FORMAT ICN  CF  SPECIES  I 

24  c  OSO(I)  :  ENTROPY  CF  FORMAT  I C  N  CF  SPECIES  I 

25  C  STCCP(I)  :  STANDARD  CHEMICAL  POTENTIAL  OF  SPECIES  I 

26  C 

27  C  **********  HEAT  CAPACITY  CORRELATIONS  ********** 

2a  C  ICF(  I  )  =  0  :  CPU)  =  AO(I)  ♦  Al(I)*T  ♦  A2(I»/T  **2  *  A3(  I  )*ALCG(  T  ) 

29  C  ICP(I)=1  :  CP(I)  =  AO (  I )  ♦  A  1 (  I ) *  T  ♦  A2(I)*T**2  ♦  A2(I)*T**3 

30  C 

31  C 

32  IR0=5 

33  I*RT=6 

34  IFILE=2 

35  I0IMI-50 

36  I0IM2=IJ 

37  FRCZIN-0.0 

38  DHOZ=  0.0 

39  OS 0Z=0.0 

40  A0Z  =  0.0 

41  A  1 Z=0  .0 

42  A2  Z=  3.0 

43  A3Z=0.0 

44  T  O  TM  v  =0 . 0 

45  C 

46  C  SUPPRESS  PRINTING  OF  GVERFLC*.  UNCERF  lGY •  DIVIDE  5Y  ZEkL 

47  C  ANC  EXPONENTIAL  ARGUMENT  ERROR  MESSAGES 

48  C 

49  CALL  ERRScT (237.0.-1 »  G  »  J  »  2  G  9  ) 

50  CALL  ERASE  7 ( 252 ,  )  1  ,0 .0 ,253 > 

51  C 

52  C  READ  TITLE 

53  C 

54  REAO(IRD.S)  ( T  I  TLE ( K )  , X = l  , 20 > 


55  5  F  CAM  AT  (  20  -44  ) 

56  C 

5  7  C  NUMBER  CF  cl:  M_  NT  S  ,  VAP1A  ^'.Ci- Li,  5  CL  UT  ION  S  J=^l£3 
56  C  CCFOtNSEu  r*jrf  r>HAS:J,  3  r  ‘5  T  EM  TqMPERATUR-.  (<)  AND  P 
55  C 

60  REAJ(IPJ.li)  i.Vo,t.T,?,TJ,FO 

61  10  FCRmaT(4I 5.4F1 0.0) 

62  VP1=V*1 

63  VPS=VtS 

64  VPSP 1 = V ♦3 ♦  1 

65  V5C=V+S+C 

66  VSCc=V4S«-C*E 

67  C 

6  a  C  R £  AO  ELEMENT i 

69  C 

70  READ!  I PO  «  I  5)  ( EL MNT ( J )  .  J = 1  .  E  ) 

71  15  FORMAT < l 3< IX . A2 J > 

72  C 

73  C  VAPOR  SPECIES  INFORMATION 

74  C 

75  IF(V.EG.O)  00  TO  118 

76  OO  1 10  1=1 .V 

77  REACI JAO, 20)  < SPEC  I  2 (  I . K )  . * = 1 . 3 > . 3H0 <  I  >  , OSO ( I ) 

78  R£AO( IR0*21  )  AO  (  I )  .  A U  I  ) , A  2 ( I ) . A 3 (  I ) ,  IC° C  I  I 

79  REAL l  IRC  ,22)  <  A  <  I  .  J  )  ,  J=  1  ,  l  3  ) 

30  20  F CRM  A T ( 3A4, 2= 1 2 .5 ) 

81  21  FORMAT (4E12»5*1E) 

82  22  r  Oft  MAT (  1 3 ( F5  •  0  «  1  X  )  ) 

83  DC  110  J=l,3 

84  PHASE  <  I  .  J  ) -VAPC*'.  <  J  ) 

85  110  CCNT  I  MJF 

86  C 

87  C  INERT  SPECIE 

88  C 

89  READ  (  I  AO  ,20  )  <  I  NE -<  T  (<).  K  =  l  ,  3  ),  CHO  Z  , DSO  Z 

90  REAO(  I  A  D  •  2  1  )  AOZ , A  1 Z , A  2 Z , A  3 Z ,  I  CPZ 

91  R2AD(IRD,22>  DUMMY 

92  1 1 3  C  CNT I  RLE 

93  C 

94  C  SOLUTION  SPECIES  INFORMATION 

95  C 

96  1F1S.EQ.0)  GC  TO  125 

97  DC  120  1=VP1 ,VPS 

98  REAOIIRD, 20)  < SP E C I E (  l  .  K >  ,  K  =  1 , 3 I . D HO <  I ) . D SO ( 1  ) 

99  READ<  ISO ,2  1  )  AO (  I  ) *  A  1  (  I  )  ,  A 2 ( I  »  ,  A 3 <  I  )  ,  I C P t  I  ) 

100  REAOIIRD ,22)  ( A (  I  »  J  )  »  J- 1,13) 

101  00  120  J- 1,3 

102  PHASE  t  I  ,  J  )  =SOLM  J  ) 

102  120  CCNTiNUf 

104  125  CONTINUE 

105  C 

106  C  CONDENSED  PHASE  lATa 

107  C 

10e  IF(C.EQ.O)  GO  Tu  135 


109  DC  120  I=VPSP1.VSC 

110  READIIRJ.23)  ( SPEC  I  £ (  I • K > . K  =  1 • 3 ) . DH3 (  I ) , O i J ( I  ) 

111  REA0IIR0.21)  A0(  1 i  .A1 (  I  ),A2(  I  1 ,A3I  I)  .  ICP(  I  ) 

112  READ!  IS J, 22)  CA( 1  , J>  ,  J=l, 131 

113  F  RAC (  11=1  .0 

114  F RAC  IN(I)=1.3 

115  DO  120  J= 1  .3 

116  PHASE!  I, J)=CGND( J) 

117  130  CONTINUE 

118  135  CONTINUE 

119  C 

120  C  MAXIMUM  NUMBER  OF  ITERATIONS.  CONVERGENCE  CRITERION  AND  OPTIONS 

121  C 

122  REA  J  (  I  RD  *  136)  I  DEBUG  .  I  OPT,  ISS,  I  »F  AP.MAX  IT  .  N  VAX  #  'I  'JV  »  ,T  INC  .  .J  IN  I. 

123  6  RLXMIN 

124  136  FB<MAT(t»15,4F10.0) 

125  IF( IWRAP.EQ.3)  IFIL£=I*RT 

126  C 

127  C  SET  THE  LOOP  LIMITS  FOR  THE  TEMPERATURE.  PRESSURE  AND  CUM  =>0  j  I  T  I  ON 

128  C  LOCPS.  The  COMPOSITION  LCCP  STARTS  HERE 

129  C 

130  NCMP=1 

131  NTP=1 

132  IF!  ICPT.EQ.l .OR. IOPT.EO .2)  NT P=NMAX 

133  1F( ICPT.E0.3 1  NCMP=NMAX 

134  DO  2000  ICMP=l,NCMP 

135  I  DAT A  =  0 

136  C 

137  C  TOTAL  NUMBER  CF  MOLES  CF  VAPOR  AND  MCLE  FRACTIONS 

138  C 

139  IF1V.EG.0I  GO  TO  138 

140  REAO( IRQ, 137)  TOTMV 

141  READ! IRD.137)  ( FR AC  IN (  I  )  ,  1=  1  , V  )  , FfiC Z I N 

142  137  FORMAT (6E12.5) 

143  C 

144  C  TOTAL  NUMBER  CF  MOLE S  CF  SCLUTICN  SPECIES,  MOLE  FRACTIONS 

145  C  ANC  EXCESS  FREE  ENERGY  CORRELATION  PARAMETERS 

146  C 

147  138  CONTINUE 

148  IF(S.EC.O)  GO  TO  140 

149  R  EAD  < ISO, 137)  TGTMS 

150  READ! IRD.137)  C FRAC  INI  I  )  , 1  =  VF 1  ,VFS  ) 

151  READ! IRO, 139)  I XSC 0 P  ,  AX S  ,  E XS 

152  139  FORMAT! I5.2E12.5) 

153  140  CONTINUE 

154  C 

155  C  TOTAL  NUMBER  OF  MCLES  IN  PURE  CONDENSED  PHASES 

156  C 

157  IFIC.EQ.O)  GO  TO  142 

I5e  READ!  IRO, 137)  ( T 0 T MC (  I  )  .  I  =  V P SP  1  .  V S C  ) 

159  142  CONTINUE 

160  C 

161  C  SAVE  THE  ORIGINAL  SPECIE  ORDER  SC  THE  PROBLEM 

162  C  CAN  8£  PLACED  IN  THIS  ORDER  AFTER  THE  ITERATIVE  PROCEDURE 


D22 


k-V* 


uv- 


163  C 

164  DC  165  1=1. V3C 

165  DO  165  K-l  ,3 

166  I SPCEt  I  ,K)=SPECI£!  I.K) 

167  165  CONTINUE 

166  IF!  1CMP.ST.1  .OR. IWRAP.EQ.3  )  GC  TC  187 

169  C 

170  C  KRITc-OOT  SOME  OF  THE  INPUT  DATA 

171  C 

172  I PAG£= 1 

173  WRITE!  IWRT.400)  !  T  I  TlE  (  <  )  ,K  =  1  ,  20  )  ,  I  PAGE 

174  WRITE!  IWRT, 410)  T.P 

175  IFII*RAP.GT.l 1  GC  TC  167 

176  WRITE!  IWRT, l  70) 

177  170  FORMAT !• 0*  ./. I  X ,T 55 ,• HEAT  CAPACITY  CCRREL  ATI CN  CO £ F F I C 1 EN T 5 • , 

178  £/. IX  .T16. • ENTHALPY  CF •  , T 3 2 , • ENT  PC P Y  OF  •  ,  T  5  3  ,  •  ICP=  0  t  CP  =  AO*. 

179  6*  ♦  A1*T  ♦  A2/T442  ♦  A  3  4LN  !T)  *»/,lX,T17»*F  OR  M  AT  ION*  .T33.  •  F  C  R  M  AT  * 

160  £• 1  ON •  »T58  •  • l CP=1 :  CP  =  AO  ♦  A1*T  ♦  A2*T»*2  ♦  A3  4T« 43  * . ✓ » 1 X , T4 . 

16  1  £*  SPECIE*  . T  20  » • OHO  *  . T37 , * DS 0 • , T£4 . • A 0 • . T7 2 , • A  1 • ,T93.  •  A2*  .T1 13. 

162  £*A3*,T122,*ICP*,/,1X,T4,*SYMECL*.T15.* ! KC Al/G-MCLE M.T30. 

183  £• ( XCAL/G-MGLE-K )  •  ,T47.  •  ! *C AL/G -MCL E -K )  •  ,T65  .  •  ! KCAL/S— MOLE -K  ♦  42  )  • 

164  £T  86 •  *  !  •  • . ....)*.T106, *!.»... ........)»,T122, *!-)». 

185  t,/  •  .12!  *_•  )  ,  T  l  5  .  13!  '_•)  .  T30. 15C  •_  •  )  ,T4  7 . 1  5!  •  _•  )  . 

186  £T65. 1 8!  •_« ) , T36 , 1 5! •_ • )  ,T106, 15! •_• ) .T122 , 3! •_•  ) ) 

187  DO  160  1  =  1. VSC 

16  8  WRITE!  I  W  R  T  .1  7  5)  l  S  F  E  C  I  E  (  I  »  K  )  .  K=  1 , 3  )  ,  OHO  !  I  )  ,  OS  0  !  I  )  .  A  0!  I  )  .  A  U  I  )  , 

169  £  A2! I ) . 43! I ) . ICP! I ) 

\W  190  IF!I.£Q,V)  WRITE! IwRT, 175)  (  I NERT  !  K  )  ,K=  1  ,  3  )  ,0H  j£  .  0  SO  L  .  AO  t  ,  A  1  Z  , 

19 1  £  A22.A3Z. ICP2 

192  175  FORMAT ! 1 X  ,3A4 ,T1 7.F9 .3 , T3 3 , F 9 . 6 , T 50 . F 9 . 6 . T63 . £  1 2 . 5.T68.E12.5. 

193  £T  10  3. £ 12.5.T123.I 1 ) 

194  180  CONTINUE 

195  WRIT£!  IWRT  .134)  TO  .  PO . MAX  I T . CN VG  .  I CSBUG 

196  184  FCRM AT ! • 0 • ,/ • • 0 • »T 1 0 • • THE  EnThalFY  AND  ENTROPY  OF  FORMATION  *, 

197  PREFERENCE  TEMP-RATURS  ANO  PRESSURE  AR£:*,5X,*T0  =  *,c6.l,*  <•« 

199  £5  X ,  *  P  0  =  *  ,F9.l,*  PA*  ,/.*0*  .T35. ‘MAXIMUM  NUM6ER  OF  ITERATIONS  *. 

199  £*ALLC*EO  =  •  . I  5 . / . • 3 • . T 5 0 .  • CC N V E R G cNC £  CRITERION  =  •  ,012.1, 

200  £/ , • 0 • . T43 . • C JTPUT  p  AR  A  ME  TE  r,  IOSEUG  =  *,I2) 

201  IF(S.GT.l)  API  T£!  I  i»RT  ,  185)  IX3CCR  .AXS.EXS 

202  185  FORMAT ! *0 *.* EXCESS  FREE  cNERGY  CORRELATION  OATA  :*, 

203  £  2X ,  • I XSCCR  =  *,I5,5X,*AXS  =  • ,E 1 2 .5 , SX , • 3 X 3  =  *.£12.51 

204  IF!  ISS.GT.O)  WRITE!  I»RT  .13  6)  ISS 

205  186  FORMAT! • 0*  ,T 24 .  •  1 35=  *,I2,*  ThE  I  I  I -V  LIQUID  SCuUTICN  IS  *. 

206  £  •  AT  EOU 1 1_  I3F  IUM  WITH  THE  III-V  STOICHIOMETRIC  SCLIJ*) 

2 07  187  CONTINUE 

208  C  J 

209  C  THE  TEMPERATjR.E  ANO  PRESSURE  LCCP3  BEGIN  HERE 
21  0  C 

211  DC  20  JO  ITP=1,NTP 

212  IF !  ICPT ,t)  .1  .  AND . IT P . 0 T  .  1  )  T=74TlNC 

213  IF  !  IGPT  .£>0.2  .  and  .  I  TP  .  ST  .  1  )  P=PAPINC 

214  C 

215  C  CALCULATE  The  standard  STATE  chemical  PCTENTIAlS 

2 1  t  C  ANC  AN  INITIAL  ESTIMATE  Oc  THE  EQUILIBRIUM  C  0  *  ^U  S  I  T  I  N  c 
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21  7  C 

213  CALL  3TSTCP!40.4  1,42,43.A0Z,AlZ,A2Z,»J/,r:*-tC,0  3;.  )h  j  '  ,  r  30/ .  , 

219  £  STGCPZ  ,  IC-.ICP/.TJ.T  »  I  C  I  *  l  .V  ,  3  .  C  ) 

220  I c(  I  TP  .GT . 1 . AN  3 . I SS . -  :  .0 >  GC  TC  195 

22  1  DC  190  I  =  l  ,  VPS 

222  Ffi AC (  I  >  =  Fk AC  IN (  I  ) 

223  190  CONTINUE 

224  FRACZ=FRCZ  IN 

225  CALL  ESTM7E!  70T.MV  ,  TC  T*S  <TCT  MC.FRAC.N.FRACZ  ,  ZV  , 

2  2  6  &  IDIM1<V<S<C ) 

227  195  CONTINUE 

22  d  C 

229  C  SOURCE  ZONE  STEADY-STATE  LIQUID  COMPOSITION  ‘<CuiL 

230  C 

23  1  IF1IS3.GT.0)  CALL  S  T  E A  QY (SPECIE, A<STDCP<ELMNT<XI  i  I  ,  T ,T0<V<3ivi 

232  &  ID  IM1 , ID IM2  # ISS, i aPT) 

233  C 

234  C  CALCULATE  THE  T  JTAL  GRAM-MCLcS  CF  EACH  ELEMENT 

235  C  BASED  ON  THE  INITIAL  COMPOSITION  ESTIMATES  IN  THE  PHASEo 

236  C 

237  DO  200  3=1.5 

23e  3CALC!J1=0. 

239  00  200  1  =  1  <  V  SC 

240  aCALC(J»=A(I,J)*N(I )+ECALC! J) 

241  8(J)=GCALC(J> 

242  200  CONTINUE 

243  IF( I uRAP.GT. 1 >  GO  TC  47 6 

244  IF( ITP.GT.l)  GC  TC  472 

245  C 

246  C  W IT  ”  — C  U  T  THE  INITIAL  COMPOSITION  ESTIMATES,  STANDARD  STATE 

247  C  CHEMICAL  POTENTIALS  ANC  THE  ELEMENTAL  ABUNDANCE  MATRIX 

24  6  C 

249  I  PAGE  =  IPAGZ«-1 

250  MFITEl  I*RT  ,400)  ! T I TL E ! K  )  , K= l , 2 0 > . IP A GE 

251  400  FORMAT! •  1 ',/, 'O'  ,TJ4 , '3TC1 Cl CVETRIC  FORMULATION  PC-  DETERMINING' 

252  £  •  EQUILIBRIUM  C 0*F C 3  I T I CNS • •/ < • 0 • , T 30 . 20  A a , I  1 2 0 . 

253  £  'PAGE  '  .  12 ) 

254  MRITE!  I4RT.41D)  T,P 

255  41  0  FORMAT!  *0*  .T43<*  TtMPERATuRE  =  '.F6.1,'  K •  . 5X • ' .SO  UP  5  =  ',512.5 

256  £  •  PA*  ) 

257  WRI TE!  I  *PT  ,420)  ! EL MNT ! K )  ,K= 1 , 13  I 

25a  420  FORMAT! 'O' ,/.T48,» INPUT  DATA  ANC  INITIAL  CC«RC3iTICN  ESTIMATES' < 

259  £/ <• 0  *  »T29, 'INITIAL*  .T43, *  ST ANC ARD'  ,/. IX, T27, 'COMPOSITION*. 

26  0  £T 43. 'CHE MI CA L*< /, IX. T4, 'SPECIE*. T29,  'ESTIMATE'  ,T4? , 'F C TIN  ■  I* L 

261  £T  72.  'ELEMENTAL  A3UNCANCE  M  A  TR  I  X  •  .  /  .  1  X  .  T  4  ,  •  S  Y  *o  _  L  '  .  T  l  7  ,  •  PH  A  si  •  , 

26  2  &T28,  •!  G-MCLES)  ',  T40,'!KCAL/G-M  CLEI'.T  55. 13!  A2.4X).  /,'+'. 

2  63  £12!  •_  •  »  .  T15.J  !'_•),  T25.  14!  '_').T40.»3!*_»>,TS5.7M'_'>> 

264  00  440  1=1 ,VSC 

265  4F  ITC  1  IihT  ,430)  (SPEC  15  (  I.K)  ,K— l,3).(JHA5<-(  I  .  K-  >  »  “  =  l  .1  )  .  N'  (  i  )  , 

266  £  STCLPl  I  >  •  ( A !  I,J),J=l,c) 

2  o  7  IF(I.EQ.V)  *»■-  I  T  .i  !  I  UnT  ,  4  J  J  I  !  I  N  E  R  T  I K  )  .  <=  1  .  2  >  .  (  '  H  1  -  {  I  .  <  )  .  <  -  1  ,  3  )  . 

266  £  ZV.STuCP/ 

26  9  430  FORM  AT  !lX,3A4,T15.3A3,T?5»t‘l4. 7, T42.H"G  <3.755,1  5!  c  5  .  3  ,  1  X  )  ) 

2/0  440  CONTINUE 


4 4 


286 

287 

288 

289 

290 
29  I 

292 

293 

294 
29  5 
296 
29  7 

QP  29  6 
2y9 

300 

301 

302 

303 

304 

305 

306 

307 

3oe 

309 

310 
31  1 

312 

313 
31  4 
31  5 
316 

31  7 

318 

319 

320 

32  1 
322 

>.  32  3 


IF(ISi.GT.O)  wRITL(!*&7.445)  XIII 
445  FCFMA  T  (  4X  ,  •  X- •  ,r  t  .4  ) 

WR  ITE  <  I»ST « 4 50 ) 

450  FORM  AT ( *0 *./••  0*  ,T44  ,• TOTAL  G1-  AV-MCL;  i  CP  EACH  El.  .MPM  FeSM  IN', 
e  *put  data*  ,/,  ix  ,T4o,  •  and  as  stl:  f rev  ti-;  ■. n :  t  i  1  l  1  i 

6  •  C CMP OS  IT  I C  N  EST  IMAT £5* ./. *0  *  .4 ( 4X  ,  •  INPUT  D-T-*,3X, 

6  •CALCULATED* ,5X)1 

NPRT  =  E/4 
NCHK=NFRT*4 

IF( NChK.NE .E >  NPKT=NPRT+1 
ISTRT-1 

DC  470  K= 1 iNPkT 
N£ND= I3TRT+3 
I F ( N E ND  •  GT  •  E  )  NEND=E 

KKI  Tc  (  I  4  AT  .46  0)  (wLMNT<J>.8(J)  .EC.4LC  (  J  )  ,  J=  .SIFT  ,  E  N  j  ) 

46  0  FORMAT (IX  «4( A2» IX, E 12.5. IX, £12*5, 4X) ) 

I STRT=NENO-*-l 
470  CONTINUE 
472  CONTINLE 

IPAGE=IPAGE+1 

WRITE! IWRT, 400 J  ( T  I  TLE  <  K )  .<=1 ,20 J  , I  PAGE 
■  RITE!I«lRT.410)  T  ,  P 
HR  I T£ ( IWRT .4751 

475  FORMAT! *  O'  ,T58,*EXECUTICN  DIAGNCSTICS*,/.*+*.T53,9(*_*),lX, 

fc  1  l(  •_*),/.*  0  *  ) 

476  CONTINUE 

DIVIDE  THE  STANDARD  STATE  chemical  F0TENTIAL5  BY  AT 

R  T=0 . 0019872AT 
DC  480  1=1 , V3C 
ST  OCR (  I  )  =STDCP<  I )/RT 
480  CONTINUE 

S  TDCPZ=STDCPZ/RT 

CALCULATE  THE  TOTAL  SILICCN  AND  THE  I  I  I /V  RATIO  IN  THE  VAPOR  PH  All 
ANC  WRITE-CUT  ThE  INITIAL  RESULTS  TC  THE  AP'J=  FILS 

IF <  I  TP  ,GT  .  t .CP . I  WRAP .EU.O )  GO  TC  465 

CALL  TCTSI ! A, ELMNT ,FR  4C,N»S ITCT  »S IFF , ACT  5  IS . T ,P ,  10  I M 1  ,  ID  1  M2 , V . I > 
CALL  RAT  Iu{ A, ELM NT  ,FRAC .N.STCCP.ACT  GAS , ACT i NS , AC  T  ASS, ACTF5  > 

6  RIIIV,RGAAS,RINP,T.P.TO,FO,IDIM1,IDIM2,V,E) 

I T8ST  =  1 
0STCVG=O 

CALL  WRAP UP!  TITLE, SPECIE, INERT  ,N,FRAC,GUE?»ZV  ,  FR  AC.  Z  .SITCT  ,  SI  Nr  , 

&  ACTS IS.ACTCAS  ,  ACT  INS, ACTPS, ACTASS ,R I  I  I  V , A E , F INF , 

6  BSTCV5  .  ITbST  ,CNVv,  ,C  NVG.  ISS  .  X  I  I  I  ,T  .P.  ID  AT  A  ,  ID  IM  t  .  IF-  IlE  •  V  ,  VS  1 

435  CCNTINLE 

ITERATIVE  SCLUTICN  F  C  R  Tm£  D  OJ  IL  I  -J  R  I U  *  COMPOSITIONS 


RELMA  K-  1  ,0- 1  J 
I ACF  F  =  0 

00  600  I  T E R= I  ,  M A  X  I  T 


32  6  C  DcTZa4INZ  Trt_  j  3T  i  J  x  G  c  T  C  T  r'  A  5  T  5  J  -  j  C  I  .  5 

33  7  C 

32  d  C  ALl  CPTEASIN.tZtTN.i.G,  Dr  ?•*-;,  ST  f;  ,  S  -  -  C  I  .  ->  -  r  I  .  -  C  .  -  1  ,  A  2  i  »  '  • 

32  9  I^t*v»4iLt  t  I  H  *  L  * 

310  £I»rT) 

331  IF( ISTGP.d J. I »  oC  TC  604 

332  IF (  I TEH  .CT  .  1  .  AND.  ICFN  6  .Cu  .  0 »  GC  TC  500 

333  I  F  (  I  CcfiUC  .LT  .2  )  Gt_  1C  <.90 

334  CHL  I  PVZC  <  I  CXeAS  ,  I  C  1*2  .  .  6H  I  D*£,.  =  ,  I  «r  T  ) 

335  CALL  FM AT < a,  ID  1*1  ,  ID  1*2 , VZC , d . tFA  ,  I  »-  T  ) 

33  fc  CALL  FYAT  (  D,  I  D  I  9  2  .  I  C  I  *2  . .  E  .  ot-D  ) 

337  CALL  DPMAT<  DPR-4-  ,  I  3.  IM2  ,  ID  I  *2  ,E  ,6FDF<- ML  ,  IkM  ) 

336  493  CCNTi.NLd 

339  C 

340  C  CALCULAT  i  T  hn  ST.iCI-^jTriC  Cl  3  F  F  I  C  I NTS  and  T  r  C  Z  UU  i  L  IFF  I  1 J  4  C  C  N  S  T 

341  C 

342  C  all.  ECCQN(  AiD  *DD  i  D!NV  iijut  jNUi  jTl  lP»  K-.Qi  .^XTASik^AiTT  i 

34  3  £  ITEh,  I  D  I  VI  ,  I  C  I  »2  .V  ,S  ,C  .  E  .  I3T  CP.  IWF.T  ) 

344  IF(  iSTGP.EQ.t  )  GO  TC  CD  4 

345  I F (  ICC9UG.LT  .2)  GC  TC  50j 

34  6  C  ALL  OPMAT (  □  I  IN  V  , I  01  *2  •  ICIV2»E*E»<3HCINV  , . »RT ) 

347  CALL  PMAT ( GNU,  lu  l*  l  .  I D  I  M? , V  SC ,c . CFGNU  ,I»F7) 

343  CALL  FVEC (KEO  .  10  IM  1  ,VSC .fcFKEU  ,  I  * F T ) 

349  503  CCNTINLS 

360  C 

351  C  CALCULATE  THE  ACTIVITY  CC _ F r  J C  I  £ N T S 

352  C 

36  3  C  ALL  ACTCC.f  (rfxAC.ACCrr  .  I  :TC£,SC=C  Ic  ,  I'tOEX  .  I D  1  *  1  ,  «•  El  Vm  X  ,  I  *  5  -  7 , 

364  6  AX;  *3Xo  *  T  •  1AWFF,V.3»C»  1  W  F  i  ) 

35  5  C 

35  6  C  CALCULATE  TH^  Z  OU  I  L  i  Bk  I  U*  Ll.VaTANTS  FPCM  T  hi  C  LF  F  if;T  l.  C  MP  03  I  T  i  C  t  i. 
357  C 

356  CALL  CALCOI  j.U  ,  N  .  ACCiir  *  Ff-  ->  C  ,  PH  ASE  ,  VA^Lr.  ,  SOL  N.  I  D  Yt  A  S  ,  C  , 

359  6  ZV ,F A AC2  ,P »P0  ,V . 3  ,  C  ,=  .  I  0  I*  l  ,  I  0 . *2.  I  .FT  ) 

3a0  C 

361  C  CALCULATE  THw  CRL  09  P  E  T  *  Z  E  N  THE  Z  C  J  I L  I  6  r  i'J  J  If  N  _  T  ■  j  T  0 

3o?  C  CALCULATED  e  Y  THE  C  Z  v  O  c  5  i  T  1 L  A  5  AND  THE  t  lull  ClFIUI  .C'CTANTC 

362  C  CALCULATED  FAC14  T  F.  ^  Old  60  F  '  "  2  Z  N  :  9  G  Y  ChAND  . 

364  C 

365  R5LMAX=3. 

366  DC  5*0  I=1.VSC 

367  OUT  3<  I  )-?LNK5 

36e  DO  570  J=  l  .E 

369  IF<  I  .EG.  iDXT,-,5(  J  )  )  GC  TC  590 

370  570  CCNTINLZ 

371  F£LEFA-(isZO(I)-D(I)>/<ZCll> 

372  C 

373  C  A  j  3  I  j  N  '•?"  TC  CJZ5C1)  IF  T  t-  C  CCNV.'Fj’NCi  C  A  I  *  £  *  I  IS  ,',i  "  *«:  T 

3  7  4  C  AN  Z  ™  ?  7  ”  TC  OuZi(I)  IF  TrcFE  IS  LtSS  THAN  ■*  n  _  £10  <  I  *'  I  l\l  F  j  . 

375  C 

376  IF < At S (niLl- 9  )  .  GT  .C\v0  )  Go C S (  I  ) - C JE c T 1 

37  7  I F { Acs (c EL  £9  -  )  .GT  .0 . 1  >  „L^ G ( I ) = Cuc ~ T 2 

376  I F { AES ( PEL  _r  -  )  . oT .k  £L  M AX  .  AND  .6 (  I  ) . OT . 1 . O  >Z-2 l  ) 


B26 


3  7-*  £  PEL  M  4  *  -  A  c  3  (  t-  :L  EAE  > 

3d  G  5  90  CCnTIN-c 

361  C 

362  C  KEE3  Tt -£  5EST  ESTIMATE  TO  TrE  E  QU  I  L  I  -3  F  1  J  ■*  S  .  -  L  T  i  ;  -i 
3d  3  C  IN  CASE  THE  NUMERICAL  FFCCECJAE  CWEFCES 

364  C 

3d5  IF(  IT  Err  .GT  .  I  .INj.  PEL^AX  .CT  .0STCVG)  GL  TC  5S  + 

36  6  33TCVG=FELMaX 

36?  ITHST^ITaP 

368  DO  593  I6E5T  =  1 »  V SC 

389  BOJESI  IBE3T)-3CES(  IBEST  ) 

390  8E5TM  I3E3T)-N(  I  BEST  ) 

391  593  CONTINUE 

392  594  CuNTIS'j: 

393  IF ( c Elm  AX .LS  .ENVG  )  GC  TL  olO 

394  I F  (  I  C  E  S  U  C  »  E9  •  2  >  CALL.  PtaCClrFAC.ICIVl.VSC.cHFPAC  *  I  w  ~  T  ) 

395  IF (  I CEcUG . CE. 1  )  CALL  Pvt C < Q .  I  3  I  M  1  ,  VSC , 6 HC  ,I*-T) 

396  IF { I  Ten .cQ.MAX IT )  GC  TC  535 

39  7  C 

398  L  MAKE  ADJUSTMENTS  TC  THE  EXTENTS  CF  FEACTIlN 

399  C 

40  0  CALL  ACJEXT ( N»  KEQ  *  G  »GNU  .  C.  ZET  A» IGX3A5.CCNC  .PHASE. I  Cl  Ml  .  ID  I M 

♦  01  £  V*S ,C ,E .  ItaFT ) 

♦02  CALL  CNVFPC(N,NTEMP,5TCCP,ACCEF,CZETA,GNU, ICXEA3.VAP0F ,c CN 

♦  0  3  £  SCLN.  ASE. ZV,  FT, P.PO.FLXVIN, LA  VeNj  A. ICH1,  I  0?M2.V.S, 

40  4  CALL  CCpm:l(  N»  32F.T  A  ,  GNu  .  ICX5  AS  «  I  C  I  V  1  ,  IE  I  «2  .L  Av  JC  A  ,  VSC  ,  E  ) 

♦  0  5  £95  IF< ITEF.LT.M4XIT)  Gl  TC  5S7 

408  C 

407  C  IF  THE  SCLCTICN  010  NCT  CCNVEFGE  T  n  A  to  S  a-  a  THE  2EST  ESTIMATE 

408  C  TC  THE  ECCILIE9IUV  SCLLTICN  FPCM  VECTCF  BESTN  1ST,  N. 

40  9  C 

410  DO  596  IET5T=1,VSC 

411  QUESI IBEST )  =  3QUE3<  IBEST) 

412  N( IBEST )-f£STN{ IBEST ) 

413  5  9o  CCNT iNvi 

414  59 7  CONTINUE 

415  CALL  C  ALCO  (  i  iO  t  N  .  Av.C  3  F  ,  Fr-  AC  ,  PH  ASE  t  VAPE  a  ,  SC  LN,  IJXb^  j  ,  0  , 

416  £  Z  V  ,  I  F  ->  C  Z  ,  F  ,  P  0  ,  V  ,  S  .  C  ,  E  .  I  C  I  V  l  .  I  C  I  v  2  ,  I  *  r' t  ) 

417  IF (  1  C EcOG. r *  .0 >  jb,  TC  80 0 

4  18  C  ALL  GIBBS  (N  .  5T0CP  ,  ST  JCPZ,  ACCEF  ,FF  AC  .  ZV  ,F  TACZ.CONJ  «  SCL.N  ,PH 

♦19  £  PT,h,P0,;0IM1,V,S«C,CFE) 

♦  2  0  CALL  DEBUG  <N . DZ ETA , VSC , ID  IM 1 , ITEF  .LAMErA ,GFF , PEL  MAX ,  I  tar  - T  > 

♦  2  1  60  0  CCNT  IMJ3 

♦22  604  CONTINUE 

42J  IFIItaPAP.LT. 3)  *iPlTE<:wf-'I,605)v4XII,p;LM4X,e5TCV3.!T6TT 

424  605  F  CPMATCO*  ,'♦»*♦*  I  T  F  c  A  T  ICN  FCh  EGoILIBFlUW  COPCSITIuN  •, 

425  £  'TIJ  NCT  CcNVEFGE  *»**♦'. 

4  2b  £  •  (  F  T  _ '  ,  I  4  ,  •  ITEPATICNE  n  E  l  m  a  <  =  »  ,  E  1  2 . 5  .  •  )  *  , 

427  £/.•)'.•  l:  31  Cw'IVr.PC.  (<--•.  b  1  2 .  E  .  •  A T  I  Tr.AAT  ICN  •,!•♦) 

423  610  CnTINLS 

42  9  Call  3  I  '  ~  (  N  .  S  r  _,CP  .  3  T  JCPZ  .  ACC  _F  .F  H  ■:  C  ,  TV  ,F  -  A  C  .  CPS  ■  ,  L  "L  r  *  f  •  ! 

430  £  nT,»,->U,:3IMl,V,b,C.CPf) 

4  J  l  C 

432  C  CALCULATE  THE  G  9  A  V  —  V  J  L  E  3  l.F  EACH  E  L  l  v  ;  is  T  AFT  _  F  THE  ITERATION. 
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4  3  3  C 
43  4 
4  35 
4  35 

43  7 

438 

439  C 

44  0  C 

441  C 

442 

443 
44  4 
445 
4  4  6 
44  7 

44  e 

449 

450 

451 

452 

453 

454 

455  C 

456  C 

457  C 
453 

459 

460 
4c  1  C 

462  C 

463  C 

464 
4b  5 
466 
4  b  7 
466  C 
469  C 
473  C 

47  1 

472 

473 

474 

475 

476 

477 

478 

479 
46  3 
4  6  l 
46  2 
4  s  J 
434 

48  a 
466 


DC  7  0S  J  =  l  , = 

SC  AlC  ( J  )  =  J  .  3 
DC  70  0  I  -  1  *  V  SC 

BCALC  ( J)-;CALC( J) 4-  (  I  ,  J  )  *N  (  I  ) 

70  0  CCNT  IMjE 

CALCULATE  The  CHEMICAL  rCT;MIAL  OF  EACH  3PrCIE 

00  800  I  =  1  .  VSC 

PPO  = 1 . J 

IF(PhASE(  I  ,  l  )  .50  AFC-  (  1  )  )  FPO=F/PQ 

AAG=FRAC(  I  )*ACGcF{  I  )  *PPO 

CHMPTi  i)-r.TMjro;p(  i  )  +  flcc(afg)  > 

800  CCMTINU: 

ARG=  1.0 

IF(  rR4C7  »GT  .0.0)  A F  G= ^ n  AC Z *  P/P  0 
CHMPT Z  =  RT * (3T0CRZ 4ALCG <  APG  )  > 

DO  8  10  1=1  ,V3C 

OC  8  10  K=  1  ,3 

BSPCEt  I,K)=5P£CIE(  I  <K ) 

810  CONTINUE 

PUT  THE  MATRICIES  AND  VECTlRS  INI..  ThE  ORIGINAL  PROBLEM  STATl^I 

CALL  CPQcR  (I  SPCE.  ,  SPEC  U  ,FH»SE  ,  N  ,  A  .STOOP  ,  -  J  ,  A  1  ,  A2  .  A.3  , 1.HO  ,  0  5  5  , 
C  0  Z  cT  A.CHMPT  .  ACl-F  *  F  F  -  ^  ,  CUEi.DG.G.KEQ*  TCP*  I  u  1*1.  I  I  M  2  ,  r  »V;C  , 
en»RT ) 

CALCULATE  THE  TOTAL  SILICON  AND  THE  III/V  RATIO  IN  7h;  VAPLF  Ph 

C  ALL  TCTSI  (A.  ELM  NT  ,FI-  A  C.  ,  N  ,  5  I  TC  T  .  S  I  VF  ,  A  CT  S  I  S  ,T  ,  P  ,  I  D  1  M  |  ,  ID  I  V  2  , 
CALL  R AT  10 ( A , ELMNT , FRA C  . N. STCCP . ACTG A3 , ACT  INS , ACTA :S . ACTPS . 

&  ft  I  I  I  V . ft  G A  AS  ,  P  I N  P . T , F  ,T  0  .  F  0  ,  T  C I M 1 , I D l M2 . V  ,  E  ) 

IF(IWFAP.GT.l)  GC  TC  <5  7  1 

WRITE  —  CLT  THE  RESULTS 


IP A  0  0= I P  AGE 4 l 

WRITE  (  I ‘ART  *400)  (TITLE<K).*  =  1.2G),IPAG_ 

WFITc!  IwRT.413)  T  »  F 

WRITE!  IWRT.OOO)  ITBST.CF5  .DSTCVG.CNVG.LAVEDA 
900  FORM  AT < • 0 •  ,/ ,  IX. T45, • ECU  IL  IHF IO*  COMPOSITIONS  AFT  E  i-  ’.IS. 

&•  I  TEF  AT  IONS  •  .  /  ,  •  0  •  ,T<t  2  ,  ’  -  TSTEV  ^I^ES  FfEE  ENERGY  =  *,514.7, 

&•  (KCAL)  »  . 

&  /,  •  0  •  ,  •  REL  AT  I  VE  L  R  ft  0  ft  =  •  ,  E  1  2 . 5 , 5  X  ,  •  C  r  N  v  _  ft  GE  N  CO  C-.lTEhlcsi  = 
&  E12.5.5X,  *f.  TLaXAT  ICN  P  AFAM=T5a  AT  LAST  ITERATION  =  *,510.0, 

C  / ,  •  0  *  ,  T  5  7  ,  •  5 T  I  A  A  T  t  j  •  ,  /  ,  l  X  ,  T  2  5  ,  •  C  CU  I ■_  I  6  -  I  0  *  *  .TD  ,  •  •  OR.  I  L  i  ■>  -  i 

C  T56 ,  • CO  VP OS  I  r  ION  *  ,  T92  ,  •  CH  E*  ic  aL  •  . 

6  /,  IX  ,T4,  •  SPECIE*  ,T  29  ,  •  v  .  L  F  *  »"  59,  •  CCM  J-.3i  T  I  Cf  *  ,  1  S'  . 

5  •UNSEAT  OMY*  ,  T  9  l  .  •  P'  ‘  •'  NT  I  AL  *  .N05.*  ^T!VlTY*  . 

6  /  .  1  X  ,  T4  ,  *  GY  *  iOL  *  l  7  ,  *  kF  Uc  *  ♦  T  2  7  ,  •  F  F  ACT  .0  N  *  .  T  ,  *  (  G-"DL  1  E  )  * 

&  T  5  7  ,  •  ( tj  -  m  ^LE  -  )  •  ,T  ,0,  *  (KCSL/G-VCLE)*  ,  V  1  .0  7  ,  •  CL  EFf  T  I  i-Y’  *  . 

6  / , *  4  *  ,  1  2 (  *_*>  , T l 5 , 9 (  •  _  •  ),T?5,12('_*  )  ,  T  3  7  ,  l 4 {  *  _ •  )  ,Tb-, 


■ 


£  1  4  (  *  _  •  )  iTsJ  i  14(  )«T  )  ) 

ZZZTA=0.0 
Z  A  CT  =  1  «  0 
DC  92  0  1  =  1  *  V  SC 

Wfi  1  TE  (  I  «kT  ,9  10  )  (  Sr  EC  :  jl  (  .  .  K  )  ,K  =  1  ,  O  )  ,  (  PH  A_  (  i  .  ,  )  ,  <  -  1  ,  ?  ) 

£  N  (  I  )  ,  D  Z  t  1  A  (  I  )  .  0  h  N  7  (  I  )  ,  A  -  -  =■  F  {  I  ) 

I  r  (  I  .  Z  G  .  V  )  WRIT£<  ItksT.VIO)  (  INc^T  <  K  ),<=  1  ,  J  ),(•■>'!- j  '  (  1  ,* 

£  FfiiCZ»ZV»ZZ=£T-.C*-vr’TZ,7A._7 

910  =CSMAT(1X,  Ja4,T15,34?,t24,£12.£,T3  7,;  14.  MS4,.1'4,  ,’,"S 
£T 10O  ,E 12 .5) 

92  J  CONTINUE 

IF(ISS.GT.O)  *hlTt(  XIII 

WRITE!  I»f  T  .930  )  SIVF 

930  FORMAT  (•  a*  ,T35,*  MCLc  FRACTICN  CF  SILICON  ;  p  f  ..  DO  IN  •  . 
£  *  V  A PC  9  PhAE-  =  *,712.5) 

•FITE (I*kT  .940)  r  I  I  IV 

940  FORV;  r  (  *  a  *  ,T50  ,  •  I  I  I /V  f  •  *  T  I  C  IN  ThE  V  \  PE  P  =  •  ,r 

KSI T£( I  WRT ,^50  ) 

950  FORMAT  <  *0  »,/.•  0  •  ,T*,4  ,*  7  "AL  oFAM-MOLES  CF  EACH  ELEMENT 
e • OUT  DATA*  ,/,lX,Tl?  ,* AND  AS  CALCULATED  FRO  *  TH.  ECUlL  I 
&  •  COMPOS  iT  I  C  l\  S ',/.*  0  *.  4  <  4X  ,*  INPUT  OAT  A*,. IX, 

£  'CALCULATED*  . SX )  ) 

NPR T  =  E  /4 
NCHK=NFFT*4 

I  F  (  NCFK  ,NZ  .5  )  NPT<T  =  NP  D  «•  ’ 

I  STF  T  =  1 

DC  470  K=  1  ,N3RT 
N c N C  =  I  STAT+3 
IF(NENO.GT  .£)  NEND  =  5 

W  R  I  T  E  <  I  w  F  T  ,  9  5  0  )  (  :  l  4  N  i  (  J  )  ,  =  (  J  )  .  r  C  a  l  C  (  j  )  .  J  =  .  S  ~  -  7  ,  N  „  •  O  ) 
960  FORMAT (IX  ,  4 ( A  2 ,  IX.  .  1  2  . L  ,  1X.E12.S.4X)) 

I  ST  FT  =NiSND  +  l 

970  CCNTINUE 

971  CONTINUE 

IF  I  I  »fiAJ,  jT  .  0  )  CALL  A.i  -  UJ  (  T  i  i  L  -  .SPt  I.  I;.  iI'4_PT...--AC,0 
£  »  51  iCT  ,  3  I  M  F  ,  TCT5Io»ACT>.  -  S.AC.  I  N  ;  *4  C  T  P  j  .  A  ■_  T  i  3  *  -  I  I  .  V  »  -  7 

6  5  S  T  C  V  G  ,  !  T  r  j  -  i  .  R  _  L  V  <i  X  »  u  N  9  j  .  I  ^S  -  't  I  I  ,T  »  J  »  I  D  '  A  ,  j.  .  *  •*  1  .  L  ~  I  L 
IF(  lipi'ji  f«l.'^i*AhA(-#CT.l)  0  T  v.  i  V  j  u 

C 

C  V»F  ITL-CUT  THE  INDEPENDENT  F£  ACT  ICN  EQUATIONS 
C 

I  PAG  E  =  IPAGE+-1 

K  R  I  T  E  (  I  V»  P  T  ,4  00)  (TiTLE(N)  ,K-1,20)  ,  I  F  TG  _ 

»S  ITS  (  I  .-FT  ,4  1  0  )  T  ,  F 
W  I  TE  (  I  WF  T  ,430  ) 

980  F  -FV  AT  (  *0  *  ,T  34  ,  •  A  SET  >_  F  INDEPENDENT  REACTION  E  3D  x  T  .  E  N 
£  'THIS  S  Y  3  T  M  10  AS  F  CLLC  *  S  :*,/,*  0  *  ) 

DO  1130  I  =  1  ,  V  3  C 


C  D c:  T  E F  M  I  N  t.  7H; 


NUMO  —  r-  OF  IE  a 


-  lr  3  IN  L  a  Oh 


-  *  V  ”  I 


N  S  PE  C  =  0 
CO  <90  K  =  1  .  £ 

IF (  I  »ZU.  IDXHAS(N)  )  Cl  ' 0  110  0 


•Ml*] 


54  1 

1  F  (  a  f.  2  (  o  \  U  {  I  .  K  )  )  .  L  T  .  1  .  0  3  - 1  )  i 

54  2 

NSF:C  =  NSv-:C+l 

54  3 

5  5  4 

CCNT  i  M: 

54  4 

c 

545 

C  FILL  TH:  CH  AR  RCtE-'  Ar.-AY  ••  S  I  =  I  N 

546 

C 

547 

NLGGF  = 1 

54  a 

IFINSPSC  .GT.4 )  NLLCP  =  rLCAT  (N 

54  5 

0  C  10  0  0  K=  1.3 

550 

STRING!  1  »K >=35PCE !  I  .K) 

551 

1000 

CCNT I NGE 

552 

STRING ( 1 .4 )=APA3 

553 

CCcFF (1 ) = 1 .0 

554 

I  ST=  1 

555 

I  C  N  T  =  3 

55  6 

OG  1060  ILCGP=l .NLCCF 

55  7 

NCNT=N53;C-I CNTF1 

55  0 

I F< NCNT  ,GT  .5  )  NCNT  =  5 

555 

00  1G2«  I DX  =  2  » NCNT 

560 

I CNT= ICNT+  l 

56  1 

DC  1015  I 6ASE  =  1ST  ,  5 

562 

I F( AES( GNU(  I • I  BASE  )  > . LT  .  1  .OE 

5o3 

10X6=10X5  A S( 18435) 

564 

oa  1010  K= 1 , 3 

565 

STRING!  ICX.K)  =fcSP  C  E  (  IOXS  .  X  ) 

56  6 

10  10 

C  C N T I  NO  5 

56  7 

Cg’EF  F  (  ICX  )  =G'1U1  I  .  16  AS 5  > 

560 

STRING!  I  OX ,4  ) =  R  P  5  P  3 

56  5 

G  C  T  C  10  13 

570 

10  15 

CENT  I NGca 

57  1 

13  10 

I  5  T  =  I  :  A  0  E  M 

57? 

1020 

CENT  INGE 

57  3 

STRING!  NCNT. A)-nP3L 

5  74 

IF  i  ILCCP.  50. 1  )  *,=  ITS!  I*FT,  10 

575 

6 

57  6 

1040 

F  C  F  4  4  T  {  ’0*  .41, F5. 2.444,4141, 

57  7 

I F !  ILCC3 . oT , 1  )  .KITE!  I  *  =  T  ♦  13 

5  70 

& 

57  5 

1050 

F  G R  7  AT  !  1X.T20.A4.4!  Ai  ,^10.3. 

560 

106  0 

CENT  1MJ0 

56  l 

1  1  00 

cent inge 

502 

c 

56  3 

C  m  F 

ITE-CGT  A  CC-1PARi5CN  EET*lcN 

564 

C  A  5 

CALCGLAI5.)  8  Y  THE  CI503  FhtE 

505 

r 

5o6 

I  PAGE  =  Ir>Aatl  l 

58  7 

»  f I T  E 1  I .FT ,423  )  !TITL0<K),K  = 

58  0 

»-  I  T5  (  14  -7  ,4  10)  T  ,  P 

5  -3 

*  R  1  T  s.  !  I  n»  -  _  .  1  110) 

54  J 

1113 

F  E  T  A  7  1  •  3  *  ,  /  .  1X,T4I,*._  GGIL  10 

G  '  ■*  0 


»1TH  TI-- 


TC  101 


(STfilNot  I  J  <  ,  <  )  , S  = 1  . 4  )  ,  I j  K =  1  ,  N 
.3,4M)  ) 

S5P3  »  (  L!-  i  Tl  1  “r  (  I  1  <  )  , 

(Ei-^r.ci  i  j<  ,«.),<  =  i  ,■*  i .  r  =  .? , 


: 0  i  L  1  if  R  i  j  M  EN  j  T  A.'«T  S 
i  Y  Cl-FNGE  an:  ’3  V  C  i_  '-1  °  -  £  I  T  i  j 


£•  R  : '  A  v.  T  I  C  f .  .1  •  »  /  »  •  0  *  i  )  i  1  Irt:  o  F  f-  f  I.  GN  ,-CY 

t'.U'JlLI  3F'UV  C  C  N  :3T  A  M  1  ,  T  7  2  ,  •  30  o  I  L  I  -  R  I  G  -*  vl 

£'c;:(TUN  FrUuCT*  ,  T  2  5  .  ■  t  .<  C  4i_  /  G  -  *  EL  E  >  •  .74 

E.Nt:.fGY  '  i  7  /  j  I  '  F  r  C  4  FF35ILTEO  C  _  v  c  l  5  1  7  I  r.  N  ' 


4  _  T 
H'.ij 

r.  =  ~  i  .  T 

. .  r  _« 


■  :  \  o  h  p 

,  r  1 7 , 

/  1 1  \  i 

;  •  r  I  .  r  , 


> . T  20  , 


595 

62m  (  '_*)  .  T4  ->,  M<  )  ,T70.2e<  •  )  ) 

5  9  o 

Dl  12^0  1-1  »  7  3 ^ 

5t  7 

I  F  (  N  <  I  )  ,oT.l  .  >  j  -  -  2  1  )  *^1T1(Iv»c,T,ii20) 

< :  £ 

( : 

•<)«K=1 .3) 

59a 

& 

k L.m  i 

> . 

u  (  I  > 

5  9  9 

I  F  (  N  (  I  )  » L  E  .  1  •  )  #  F  I T  —  t  *1121  1 

(S?fCk 

<  i 

.  >"  )  .  K  -  1  ,  J  ) 

60  3 

& 

KEG  (  : 

). 

0(1) 

60  1 

1120  FCMMUx.j-,  ,'2d,ra.J,Tbl,£12.5,T77, 

£12.5) 

602 

1121  FCP«V(lX,j;4,T23,F3.3,Tbl,tl2.5.T7/, 

^  1  2  •  5  «  2X 

.  • 

(  .MC  T  0  1  NO  I 

60  j 

1200  CCNTINUt 

604 

IF{  I  S  5  •  G  T  .0)  HP.  I TE<  I  «RT  ,44  5  >  XIII 

605 

1900  IF ( ISTCR.EG. 1 )  GC  TC  1000 

606 

2000  CCNT  I  NOE 

60  7 

3000  »'iTi(  IthT.JOJl) 

60S 

300  l  FORMAT (•!•,•  •  ) 

609 

STCP 

61  0 

£ND 

531 


B_. 3  ADescr iptj on  of  the  Major  V_a c abl es  j n_ M_CM? STOIC 
Variables  which  are  used  in  the  I MS L  subroutines  LIW1F,  LEQT1F, 
LUOAT F and  LUELMF  are  not  included  in  this  list.  FORTRAN  default  typing 
applies  unless  otherwise  specified. 


Variable 

Description 

Units 

A  (1,0) 

elemental  abundance  matrix 

a toms_o f  element  j 
molecule  of  specie 

ACOEF  (I) 

activity  coefficient  of  specie  i 

- 

AM  AX 

maximum  value  the  convergence 
forcer  may  attain 

- 

AMIN 

minimum  value  the  convergence 
forcer  may  attain 

- 

AXS 

activity  coefficient  correla¬ 
tion  parameter 

variabl e 

AO  (I) 

heat  capacity  correlation 
parameter 

kcal/g-mole-K 

A1  (I) 

heat  capacity  correlation 
parameter 

2 

kcal/g-mole-K 

A2  (I) 

heat  capacity  correlation 
parameter 

variable 

A3  (I) 

heat  capacity  correlation 
parame ter 

vari abl e 

AOZ 

inert  specie  heat  capacity 
correlation  parameter 

kcal/g-mole-K 

A 1 Z 

inert  specie  heat  capacity 
correlation  parameter 

2 

kcal/g-mole-K 

A  U 

inert  specie  heat  capacity 
correlation  parameter 

variable 

A3Z 

inert  specie  heat  capacity 
correlation  parameter 

variable 

Variable 

Descri oti on 

Uni  ts 

B  (J) 

moles  of  element  J  specified  in  tne 
system 

g-moles 

8CALC  (J) 

moles  of  element  J  as  calculated 
by  algorithm 

g-noles 

3ESTN 

The  best  estimate  to  the  o^ui  1  iori uni 
mole  numbers 

g-moles 

BXS 

activity  coefficient  correlation 
parameter 

vari abl e 

C 

number  of  pure  condensed  phases 
( integer) 

- 

CHMPT  (I) 

chemical  potential  of  specie  i 

kcal/g-mole 

CHMPTZ 

chemical  potential  of  the  inert 

kcal/g-mole 

CNVG 

composition  convergence  criterion 

- 

COND  (3) 

vector  containing  the  character 
string  'CONDENSED' 

- 

D  (I,  J) 

matrix  of  basis  species 

atoms  of  j 
molecule  of  i 

DELH 

total  enthalpy  change 

Kcal/g-mol e 

DEIN  (I) 

change  in  moles  of  specie  i 

g-mol e 

DELS 

total  entropy  chanqe 

kcal/g-mole- ■ 

DG  (I) 

Gibbs  Free  Energy  change  of 
reaction  i 

kcal/g-mole 

DGDL 

change  in  system  Gibbs  Free  Energy 
with  respect  to  the  convergence 
forcer 

kcal/g-mole 

Variable 

Description 

Uni  ts 

DHO  (I) 

enthalpy  of  formation  c*  specie  i 

<cal/g-mole 

DHOZ 

enthalpy  of  formation  of  the  inert 
specie 

kcal/g-mole 

OINV  (I,  J) 

inverse  of  matrix  D 

- 

DPRME  (I,  J) 

Gram-Schmidt  orthogonal i zation  of 
matrix  D 

“ 

DSO  (I) 

entropy  of  formation  of  specie  i 

kcal/g-mol e 

DSOZ 

entropy  of  formation  of  the  inert 
specie 

kcal /g-mol e 

OZETA(I) 

change  in  reaction  extent  for  specie 

- 

E 

number  of  elements  in  the  system 

• 

(integer) 

ELI  II  (K) 

vector  containing  character  string 
of  group  III  elements 

- 

ELMNT  (J) 

vector  containing  character  strings 
of  the  elements  present  in  the  system 

- 

ELV  (K) 

vector  containing  character  strings 
of  group  V  element 

- 

EPCP2 

E  +  C  +  2  (integer) 

- 

EP3 

E  +  3  (integer) 

- 

EP3PC 

E  +  3  +  C  (integer) 

- 

FRAC  (I) 

mole  fraction  of  specie  i  in  its 
phase 

- 

FRACZ 


mole  fraction  of  inert  in  the  vapor 
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Variable 


Description 


Uni  ts 


GNU  (I,  J) 

GFE 

GSTAR 


formation  reaction  coefficient  matrix  g-mole 
Gibbs  free  energy  of  the  system  kcal/g-mole 

GFE  divided  by  RT 


IACFF 

activity  coefficient  switch 

- 

IALG 

convenience  forcer  algorithm  switch 

- 

ICHNG 

parameter  which  indicates  whether  or 
not  the  basis  species  have  changed 

- 

ICMP 

index  for  the  composition  loop 

- 

ICP  (I) 

heat  capacity  correlation  parameter 

- 

I  DATA 

switch  used  with  the  wrap-up  file 

- 

IDGT 

number  of  significant  figures  in 
each  matrix  element 

- 

I0IM1 

maximum  number  of  species  allowed 
in  system 

- 

I D I  M2 

maximum  number  of  elements  allowed 
in  system 

- 

IDEBUG  option  to  aid  in  trouble-shooting 

IDXBAS  (J)  vector  containing  the  index  of  each 

basis  specie 


IFILE  logical  unit  designator  of  the  wrap- 

up  file 

INERT  (3)  vector  containing  the  inert  specie 

name 


t . . 1  *  a1  *  7 

L 

P 


Variable 

IOPT 

IOUT 

IRD 

ISPCE  U»  J) 

ISS 

ISTOP 

ITER 

ITP 

ITST 

I  WRAP 

IWRT 

IXSCOR 

KEQ  (I) 

LAMBDA 

MAX  IT 

N  (I) 
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Description 


parameter  to  allow  various  compu¬ 
tational  options 

number  of  pure  condensed  phases 
removed  by  subroutine  ADDRMV 

logical  unit  designator  for  data 
i  nput 

array  containing  the  original  specie 
order 

steady  state  option  parameter 

switch  which  halts  the  computation 
if  problems  develope 

current  iteration  number  in  the 
equilibrium  calculation 

index  for  the  temperature  and 
pressure  loop 

parameter  which  indicates  linear 
dependence  in  the  basis  specie  matrix 

switch  used  with  the  wrap-up  file 

logical  unit  designator  for  data  output 

parameter  which  chooses  the  solution 
phase  activity  coefficient  model 


equilibrium  constant  for  formation 
reaction  i  as  calculated  from  the 
Gibbs  Free  Energy  change  (real) 


convergence  forcer  (real) 


maximum  number  of  iterations  to  be 
used 


moles  of  specie  i  (real)  g 

total  number  of  loops  to  be  made  in 
the  composition  or  temperature  and 
pressure  loops 


Uni  ts 


moles 


NMAX 


Variabl e 

Description 

Unjts 

NS 

total  moles  in  solution  (real) 

g-mol es 

NSPEC 

number  of  species  in  the  formation 
reaction 

- 

NV 

total  moles  in  the  vapor  (real) 

g-mol es 

P 

system  pressure 

Pa 

PHASE  (1,3) 

matrix  containing  a  character  string 
to  denote  the  phase  of  each  specie 

- 

PINC 

pressure  increment  for  each  loop 

Pa 

PO 

formation  data  reference  pressure 

Pa 

Q  (I) 

equilibrium  constant  for  formation 
reaction  i  as  calculated  from  com¬ 
position 

- 

RELERR 

fractional  change  between  KEO(I)  a..u 

Q(I) 

- 

RELMAX 

maximum  value  of  RELERR  during 
an  iteration 

- 

RLXMIrf 

Tne  minimum  allowable  valve  of  the 
convergence  forcer 

- 

RIIIV 

vapor  phase  I I I / V  atomic  ratio 

- 

RT 

product  of  the  ideal  gas  constant 
and  the  temperature 

kcal/q-nole 

S 

total  number  of  species  in  the 
solution  phase 

- 

S  IMF 

mole  fraction  of  silicon  species  in 
the  vapor 

- 

SI  TOT 

moles  of  silicon  species  in  the 
vapor 

g-mol es 

SOLN  (3) 

vector  containing  the  character 
string  'SOLUTION' 

- 
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Variable 
SPECIE  (I,  3) 
STOCP  (I) 
STDCPZ 

SUM  1 1 1 

SUMV 

T 

TIJLE  (K) 

TINC 

TOTMC  (I) 

TOTMOL 

TOTMS 

TOTMV 

TO 


De s cri p  ti on 


matrix  of  character  strings  contain¬ 
ing  the  names  of  each  scecie 

standard  chemical  potential  of 
specie  i 

standard  chemical  potential  of  the 
i  nert 

total  moles  of  group  III  atoms  in 
the  vapor 

total  moles  of  group  V  atoms  in 
the  vapor 


system  temperature 

vector  containing  an  SO  character 
title 

temperature  increment  for  each  loop 

total  moles  of  pure  condensed  phase 
i  as  input 

total  moles  in  a  single  phase 

total  moles  in  the  solution  phase 

total  moles  in  the  vapor  phase 

formation  data  reference  temper¬ 
ature 


total  number  of  species  in  the  vapor 
(integer) 


Uni  ts 

kcal/g-mole 
kcal  ,/g-mol  e 
g-mole 
g-rel e 

K 

K 

g-moles 

g-moles 

g-moles 

g-moles 

K 


VAPOR  (3) 


vector  containing  the  character 
string  'VAPOR' 


A 


B3 


O 

O 


Variable  Description 


Uni  ts 


WKA 

work  area  for  LEQT1F 

WKA1 

work  area  for  LINV1F 

XIII 

group  III  specie  fraction  in  the 

_ 

steady  state  liquid  "pure"  condensed 

phase 

ZV 

ZACT 


moles  of  inert  in  the  system  g-noles 

activity  coefficient  of  the  inert 
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B . 4  Peso  i pt ions  of  the  Subroutines 

The  subroutine  structure  of  MCMPFC. STOIC  is  shown  in  Ficjre  B?.  Sub>o.itine 
ERRSFT  is  a  syste^  routine  which  is  used  to  suppress  the  pri'tira  of  various 
arithmetic  error  messages.  This  subroutine  r'ay  not  be  available  at  ail 
installations  and  therefore  the  two  calls  to  ERRSET  may  have  to  be  removed  if 
this  code  is  to  be  implemented  on  other  systems. 

The  I MSL  subroutine  LINV1F  is  part  of  a  package  of  routines  which  include 
LEOTIF,  LIIFLMF  and  UiOATF.  A  brief  discussion  of  this  I MSL  package  is  located 
in  section  8.4.19.  The  remaining  subroutines  are  discussed  in  the  following 
sect  ions. 


B.4.1  STSfCP 

A  listing  of  subroutine  STSFCP  is  shown  in  Figure  B3.  5TSTCP  calculates 
the  standard  state  chem  icat  potential  for  each  specie  in  the  system.  The 
reference  state  is  the  system  temperature  T,  the  formation  pressure  P0,  and 
pure  component  in  the  phase  in  which  the  specie  is  present. 

The  pure  component  Gibbs  Free  Energy  (standard  chemical  potential)  of 
specie  i  at  temperatue  T0  and  pressure  P0  is: 

-•  ( To  ,Po )  =  G°  =  AH°  -  To.\Sj  (I) 

For  a  system  temperature  T  the  standard  chemical  potential  of  specie  i  is 
given  by:  ^ 

^(T,°o)  =  :Hf  (T  )  t  /  C'  (IT 

0 


.  1 


-  T  [:.Sf(To)  +  ;  Tp-  dTl 

Two  heat  capacity  correlations  are  available  and  are  chosen  by  the 
par  ameter  I C P .  These  cornel at  ions  are: 


(2) 


ICP 

Heat  Capacity 

Correlation 

0 

Cd(T)  =  a0  + 

a  1 T  +  a^T +  a  3  1 n ( T) 

(3) 

1 

Cd(T)  =  a0  + 

A  ]  T  +  ci 2 ^  +■  <33  T ^ 

(4) 

MAIN  PROGRAM 


Subprogram  Structure  :*  '•'"MPEC.  S~I  I 


ERRSE" 

suppresses  pr  irtina  of  ar itr"r 
overflow  error  ~es sages. 

srs ' 

calculates  st area- d  cherica’  :• 


ESTM'E 

calculates  as  i'ifial  estimate 
to  the  equilib-  ;j~  compos  if'c- 


stea:v 

inser  ts  a  steal,/  state  cr:;> : 
I  iqj  id  ph  as  .  i  ISS'-O. 


rnrs: 

determines  the  total  moles 
silicon  spec,  ies  in  the  vac:’  : 


RATIn 

determines  the  1 1 1  'V  ato~  rat' 
in  the  vapor'  o'na-e. 


WR  A 

wr  ites-ou1;  ter ■?•=■■  at  n  es ,  c-ess 
compos  i  t  ion  d  at  a  ta  the  war-., 
when  I  WRAP  0. 


op:.-:*:' 

determines  the  rcti^ur  set  S 


t  ic 


o  t  e  °  t  i 


t  ion 


o 


me  ani 
a  file 


STSTCP 


Figure  B3.  Subro 
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sup  routine  srsrcPl  «o.ai,a2,a?,aiz,»i  v 

e.  S  T  DC  P ,  STOCD’  •  I  CP  •  I  C  °  Z  •  TO.T  •  I  p  I  m  j  ,V  ,5  ,  C  1 

THIS  SUSROUTINE  CALCULATES  THE  STANDARD  S T A  t  £  CHEMICAL  POTENTIAL 
REFERENCE  STATE:  PURE  COMPONENT  (  A^PPO^P I  AT r  DHAj'l 

AT  TEMPERATURE  T. 


OI  MENS  ION  AOIIOI  Ml  >  ,  A  1  (IOIMl  )  ,A?(  IOIMl  |,A3(  ID[mi  ),  r>MQ  (  I  1  I  m  j  )  , 
&  OSOI  IOIMl  I.STOCPI  IOIMl  )  .  ICP(  IOIMl  ) 

INTEGER  V.S.C.VSC 
VSC  =  V»-S»-C 
OT-T-TO 

DT2  =  T  **2-T0* *2 
OT3  =  T*  *3-T0*  *3 
OT4-T*  *4~T0**4 
OIMi-l.O/T-l.O/TO 
O  TM2= 1  .O/r/T-1 .0/T o/ro 
OLNT  =  ALOG (  T ) — ALOGI  TO ) 

0LNT2  =  .'’  OC,(  T  )  * *2 -ALOGI  TO  )**2 
OTLNT -  I  * ALOG( T  J-TO * ALOGI  TO  ) 

CHEMICAL  POTENTIALS  FOR  THE  VAPQC,  SOLUTION  AND  CONDENSED  PHASES 
DO  100  1  =  1  .VSC 

DEL  H- AQl  HAOTfAKI  )*DTa/2.-A2(I)*DTMlf  A3(I)*D  TLNT-DT) 

DEl.S  =  AO(  1  1 ADLNT* A1  (I  >  *DT-A2(  t)*DTM2/2.A-A3(  I  )  OLNT2/2. 

IF  (  I  C®  {  I  )  •  EQ  .  I  I  OELH- A  0(  t)*OTfAl{  I ) ADI2/2. aA 2(  I  ) ADT3/3. 

&  4-A3I I ) 0DT4/4. 

IF(ICP(n.cQ.ll  OEL  S=A3(  [  )  ♦OL'JTfAl  (  I  )  *DT  *  A  2  (  T  >  *rt  T  2 /2  . 

6  F  A  3  (  I  >  *  D  T  3/ 3  • 

S  T  DC  3  (  I  I -DHO(  I  M-DELH  — T*{OS0(  I  )  fDELS) 

100  CONTINUE 


CHEMICAL  POTENTIAL  FDR  THE  INERT  COMPONENT  IN  THE  VAPOR  PHASE 


DELH  =  A0Z4DTA-  A  l  Z  *  DT  2/  »  .-A2Z+DTMI  t  A  32  *  (0  TL  sT-OT  I 
DEL  S=  A3  2*OLNTfAlZ*OT-A?2»orM2/2,tA32»OLUT2/2. 
IFIICPZ.EQ.I  I  D?LH  =  A02*OrtA!  Z  *DT2/2,  *-A2  T  «3T  323  . 
&  AA3ZA0T4/4. 

IFIICPZ.EQ.I  )  DELS  =  AOZ  *0LNT*-A1  Z  *  DT  +  A  2  Z  *  D  T  2  /  2  . 


&  AA3Z*DT3/3. 

STDCPZ=DHOZ*OELH-T*( DSOZ+OELS) 
RETURN 
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Obviously  various  other  correlations  constant,  1  i *' -e 
may  be  generated  fi  an  these  two  functions  by  simply  set: 
coef  f  ic  i  ents  to  zer  o . 

Lines  12  through  20  calculate  the  necessary  limit  c: 
result  ft  an  perfo-minq  the  indicated  integrations  in  ec.a 
capacity  correlations  in  equations  3  and  4.  The  intear  a’ 
arc  DELS  and  the  standard  chemical  potential  for  each  see 
c  a  1  c  u  1  a  t  ed  . 


8.4.2  ESTMTE 

A  listing  of  subroutine  ESTMTE  is  provided  in  Figure 
ca’  dilates  the  number  of  moles  of  each  specie  from  the  s: 
the  total  number  of  moles  in  the  phase.  ESTATE  is  pros’: 
allow  the  inclusion  of  an  algor ithum  which  will  yield  ar 
ea.ii  I  ib-' ium  composition  and  therefore  reduce  the  number 
to  obtain  convergence.  Currently  the  inlet  composition  - 
estimate. 


B.4.3  STEADY 

Subroutine  STEADY  inserts  a  pure  condensed  phase  in: 
to  model  a  III-V  liquid  solution  with  a  steady  state  comp 
composition  of  this  liquid  is  that  which  would  exist  at  e 
stoichiometric  III-V  solid  at  the  system  temperature.  Tn 
invoked  when  ISS>0,  a  Ga/As  liquid  phase  being  inserted  f; 
liquid  phase  for'  I SS= 2 .  This  phase  is  inserted  as  the  la: 
in  the  system  (specie  V+S+C). 

A  solid  liquid  equilibrium  model  for  a  binary  liau;c 
of  group  V  specie  designated  as  x  is  obtained  by  wr  i  t  i  ng  : 
react  ions . 

( i-x)iii(s)  =  ( i - x ) 1 1 r f  ’) 

xV( s)  =  x  V  (  C) 

(  l-x)III(£)  +  xV  ( L)  =  IHl-x 
O-x)III(s)  +  x  V  (s)  =  1 1 1-,  _x  Vx  (£) 

Reaction  4,  which  is  the  sum  of  the  previous  three  react-; 
formation  of  a  liquid  solution  havinq  a  composition  (1-x'l 

Tne  Gibbs  Free  Energies  of  reactions  1  and  2  are  sir; 
meltinq  at  Tm  corrected  for  the  temperature,  T,  of  the  so 


G,  =  ( 1 -x ) f 


S1 1 1  ( t1 1 1 

m  m 


-T)  +  A 


.III 


(T- 


■  III 


-  xr  sv  it' 

1  m  rr 


■  T)  +  ACV(T-TV 
p  m 


fn 


m 

T  > 


'] 


a-  ,  quadr  at  ic  ,  etc  . ) 

- :  the  appr  opr  i  ate 

•'-'er  ent  i  a!  s  wh  i  :h 
:  i on  2  using  the  heat 
;  are  evaluated  as  DELH 
tie,  STDCP(I),  is  then 


34.  ESTMTE  simply 
c i  e  mo  le  fr  act  ion  and 
d  as  a  subroutine  to 
stimate  to  the 
iterations  required 
used  as  this  initial 


the  system  in  order- 
sit  ion.  The 
ui  I  ibr  ium  wi th  the 
s  subroutine  is 
r  ISS=1  and  and  In/P 
:  pure  condensed  phase 


with  the  mole  fraction 
oe  fo I lowi "  ; 

(1) 

(2) 

( 3 ' 

(V 

"S ,  r  epr  e  nr its  the 

1 1  and  xV  . 

!y  those  due  to 
jt ion . 

TIII 

- n  -y~  )  1  (5) 


Where  it  has  been  assumed  that  ACp,  the  difference  betwee-  the  liquid  and 
solid  heat  capacities,  may  be  approximat  d  as  a  constant. 


The  Gibbs  Free  Energy  of  reaction  3  is  that  due  to  t°e  mixing  of  the  group 
III  and  V  liquids.  This  free  energy  consists  of  an  idea!  rree  energy  of  mixing 
comprised  of  a  configurational  entropy  te-m  and  an  excess  Gibbs  Free  Energy 
term  due  to  nonidealities.  Applying  a  simole  solution  theory  mode!  for  the 
excess  Gibbs  Free  Energy  yields  [5]: 

G3  =  RT[x  £nx  +  (l-x)  Cn(l-x)]  +  (Ax$  +  BxsT)X(!-x)  (7) 


The  Gibbs  Free  Energy  of  the  liquid  solution  represented  by  reaction  4  is 
therefore  given  by: 

G4  =  G,  +  G2  +  G3  (8) 


Determination  of  the  mole  fraction  of  group  V  atoms  in  the  melt,  x,  is 
accomplished  by  solving  the  implicit  equation  developed  by  Vieland  [6]  modified 
to  include  a  simple  solution  rather-  than  a  regular  solutic-  model. 


T  = 


-I  I IV  -I  I IV 


m 


Axs  (2x-2x‘-0.5) 


m  _ _ 

SmV  -  R  £n  4x(  l-x )  +  B  (2x-2x?-0.5) 
m  '  '  xs 


(9) 


The  thermodynamic  constants  necessary  for  the  eviluation  of  equations  8  and 
9  are  listed  in  Table  B.3.  Figures  B5  and  36  demonstrate  ^ow  well  the  theory 
predicts  the  liquidus  temperatures  in  the  Ga/As  and  In/P  systems. 


Table  B.3 


Thermodynamic  Data  for  the  Ga/As  and  In/P  systems 


AS 

m 

(Cal /g-mo 1 e-K) 

T 

m 

(K) 

*cp 

(Cal/g-moie-K) 

Axs 

i  (Ca!/g-mole) 

4.41  1 

302.9 

-0.05 

As 

4.7 

1090 

1  .0 

4665 

GaAs 

16.64 

151  I 

0 

In 

1.815 

429.8 

-0.2 

P 

0.5011 

313.3 

0.47 

32750 

InP 

10.31 

1332.2 

0 

B 


xs 


_(C_a !_/  q  -mo  1  e  -  K_) 


-8.74! 


32750 


-23.95 


A  iistinq  of  subroutine  STfAhv  js  A-  i  n  Figure  B\  Jnes  16  and  17 
define  a  statement  fun  :t  ion  which  cot  respo'  ts  to  the  r  iar't  "and  side  of 
equation  9.  Hollerith  strings  are  assignee  to  the  specie  ::entifier  ^ati  ix  in 
lines  19  through  21.  The  standard  state  cne-ical  potential  and  exc-ss  Gibbs 
Free  Energy  cu  relation  par  aneter  s  for  the  Ga  'As  and  In/2  systems  a- e  assigned 
in  lines  29  through  54. 

An  "interval  halving"  root  findina  a’ao'ithun  for  solving  the  i-ol ic i t 
equations  is  located  at  lines  57  through  87.  The  iteratior  is  considered  to 
have  con,  qed  when  the  two  sides  of  the  eolation  differ  Dy  less  tnan  0.01%. 

The  standard  state  chemical  potential  of  the  liquid  solution  is  calculated 
in  lines  86  and  91.  Finally,  the  elements’  abundance  matrix  is  assigned  the 
appropriate  values  which  reflect  the  elemental  composition  of  the  liejid 
solution  in  lines  93  through  107. 


::(<(! 


Figure  B7.  Subroutine  STEADY 
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H:;A2(XV)  =  (T*UIIv*CiI  1  IV-AX3*  (  J  . ‘-XV  *<•2- (  t.-  <  V  }  *■  ♦  2  )  )/ 

£  (CSi  I  IV-F*ALCG(  4  ,«XV*(  1  ,-XV  )  )♦  -aVI- t  2-i  1  . 

V  £C  =  V  4-  S  +  C 

SF£CIc(V;C,l  )=III-L(  I  3  S  > 

SP£CIc(V£.:,2  >= V£L<  ISS) 
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8.4.4  TOTs.’ 


Subroutine  TOTS  I ,  shown  in  Figure  BS,  calculates  the  trial  moles  of  si!icor 
species  in  the  vapor  phase,  the  mole  fraction  of  silicon  scenes  in  the  vag  t 
phase  and  the  activity  of  elemental  silicon  m  a  solid  sol^t-on. 

A  character  string  comparison  is  made  to  determine  whin  member  of  vector 
ELMNT  is  assigned  the  string  "SI"  and  the  moles  of  all  vapor  species  with  a 
nonzero  value  in  their  elemental  abundance  vectors  corresperd ing  to  this 
position  are  summed.  The  mole  fraction  of  silicon  species  n  the  vapn  phase  is 
then  calculated  from  the  total  moles  of  all  species  in  the  vaoor  phase. 

The  activity  of  silicon  in  a  solid  solution  which  is  in  equilibrium  with 
the  vapor  phase  is  calculated  based  on  the  silicon  monomer  cnceutr at  ion  in  the 
vapor  via  the  reaction, 

Si  (s)  =  Si  (v)  (1) 

The  activity  of  silicon  in  a  solid  solution  is  therefore  given  by, 

P 

a  =  IL_  (2) 

si  nr  Po 

where:  PSi  =  partial  pressure  of  Si(v) 

Po  =  reference  state  pressure 

a^,  =  solid  solution  silicon  activity 

The  equilibrium  constant  K  is  calculated  from  the  Gibbs  Fre-1  Energy  change 
of  reaction  1  and  is  shown  at  lines  41  through  43. 

B.4.5  RATIO 

Subroutine  RATIO,  shown  in  Figure  B9,  calculates  the  qroup  III/V  atom  ratio 
in  the  vapor  phase,  the  activities  of  Ga,  In,  As  and  P  in  a  solid  solution  which 
is  in  equilibrium  with  the  vapor  phase,  and  the  saturation  ratios  of  GaAs  and 
InP. 

The  III/V  atom  ratio  is  determined  at  lines  20  through  45  using  a' 1  of  the 
group  III  and  V  elements  in  the  periodic  table.  This  results  in  a  total  III/V 
ratio  which  does  not  distinguish  between  the  individual  e!e~erts  in  erh  c*  ouo. 

Solid  solution  activities  for  Ga,  In,  As  and  P  in  equilibrium  with  the 
vapor  phase  are  calculated  using  the  same  method  which  was  applied  in  subroutine 
TOTSI  for  silicon.  First  the  vapor  phase  monomers  of  each  element  are 
identified  and  then  the  activities  are  calculated.  The  ther-odynamics  data  for 
each  system  is  provided  at  lines  58  through  105. 

Finally,  the  aturation  ratios  for  GaAs  and  InP  are  calculated  in  order  to 
provide  a  measure  of  the  vapor  phase  super satur at  ion .  The  saturation  ratio  is 
defined  by 

P  P 

R  =  HI  v  (1) 

SAT  K 

1 1 IV  o 

where  the  equilibrium  constant,  L..  ,  is  calculated  from  the  Gibbs  Free  f  -  •  g  v 
change  of  the  reaction 


III  V  (s)  =  1 1 1  { v )  +  V(  v ) 


Thus  the  saturation  ratio  is  a  comparison  between  the  ecji 1 ibr  urn  constant 
for  reaction  2  as  calculated  from  the  free  energy  change  an:  from  the  vapor 
phase  composition.  A  supersaturated  vapor  phase  exists  whe-  Rg/\y  >  \ . 

B.A.5  0PT3AS 

Subroutine  0PT3AS,  shown  in  Figure  BIO,  determines  the  optimum  set  of  basis 
species  to  be  used  in  the  formation  reaction  equations.  A  bubble  sort  is 
performed  at  lines  18  through  74  which  orders  arrays  STDCP,  A,  DHO,  DSO,  AO,  A I , 
A2,  A3,  SPECIE,  PHASE,  ICP  and  N  in  descending  order  of  N.  This  places  the 
species  'which  are  present  in  the  greatest  molar  amounts  in  the  first  positions 
of  the  a -ray  indices.  Thus,  when  the  basis  specie  set  is  chaser,  using  the 
algorithm  outlined  in  section  B.5  the  optimum  set  of  basis  soecies  will  result. 

Line  79  tests  parameter  ICHNG  to  determine  whether  the  specie  order  has 
changed  since  the  last  iteration.  If  not  ( I ~uNG=0)  then  the  optimum  set  of 
basis  species  will  not  change  and  the  remainder  of  this  subroutine  is  skipped. 

The  set  of  basis  species  is  constructed  at  lines  80  through  97.  Subroutine 
TESTD  checks  the  D  matrix  for  linear  dependencies  between  the  rows.  If  a 
complete  set  of  basis  species  cannot  be  found  a  message  is  written  out  at  lines 
99  and  100  and  parameter  ISTOP  is  set  to  unity.  The  iterative  procedure  is  then 
halted  at  the  next  line  in  the  main  program. 

B.4.7  TESTD 

Subroutine  TESF9  tests  the  rows  of  the  0  matrix  for  linear  independence  by 
building  a  Gram-Schmidt  orthogonal i zed  matrix  D1  from  D.  Tne  Gram-Schm idt 
orthogonal l zat ion  procedure  essentia’ly  subtracts  away  the  projection  of  all  the 
rows  in  the  matrix  which  are  above  the  row  being  orthogonal i zed .  If  the 
resulting  orthogonal lzeJ  row  is  composed  of  all  zeros  then  this  row  wjs  linearly 
dependent  upon  at  least  one  of  the  above  rows  in  the  matrix.  The  equations  used 
to  construct  matrix  D 1  from  D  are  presented  in  section  B.5. 

A  listing  of  TESTD  is  provided  in  Figure  B 1 1  . 
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Figure  B8.  Subroutine  TOTSI 
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Figure  B9.  Subroutine  RATIO 
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Figure  BIO.  Subroutine  0PT8AS 
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2 
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1  7 
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■:  s  : ,  ad,  a  i ,  a  2  ,  ad. 


2  1  C 

22 

DO  300  1=1  .ViiCMi 

23 

IP1- I + 1 

24 

DC  20  0  I  ]  =  191  , V3C 

25 

i  f(m  : :  )  ,l£,n(  i  > ) 

2c 

I  C  h  \  C-  =  1 

27 
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A{  I  I  ,  J  )~TEH=> 

loo  continue 

230  CONTINUE 

33  3  CCNTIMje 

If  Trit.  PREVIOUSLY  LISE3  OASIS  IS  .STILL  THI  CPTI'LI  J-.Ei: 

SKIP  THE  REST  OR  THIS  S  U  2  p  L  U  T  I  NO  s  0  CCN  ’I  N  **  _  7  rl  T  f  ■ 1  i.AL 

If  (  I  TSP  ,GT  .  1  .  A  VO  .  I  CHNG  .=  •  .  0  )  GC  TO  A  S3 

SOIL  3  TnZ  O  4  AT-.  Ia  Ah:  O-  A  ILL  CONTAIN  "r  .  0  p  1  I  '  .  1  r  .  ~  I  - 

3  0  3  2  0  J  =  1  ,  E 

0  P  R  M  c  (  1  ,  J  )  —  p  {  1  ,  J  ) 

32  3  CENTIME'-: 

V  A-0 

DO  4  30  MJ-1  ,  E 

34  ) 

I  *( MA  .CT.VSC  )  00  TO  450 
DO  350  J-l.E 
3  (  M  0  ,  J  )  •  <  V  A  .  J  ) 

3  3  0  co  n  inl  : 
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I  F  (  I  T  S  T  .  E  j  .  0  )  G  -  T  C  3  4  j 
400  CONTINUE 
GO  TO  430 

45  3  WRITE  (I*RT»4 6  3)  IT..  R 

46  3  Fl  AM  o  T  (  •  w  •  ,  •  ****  r  ITirATaN  '.IS.'  A,\  DPT  I  1 L  >!  Sl.T  0  T  -'L, 
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Figure  Bll.  Subroutine  TESTD 


SUBPCCTINE  TESTD<C,CPPN£.WC.E,  ID  I  *  £  ,  IT  £T  ) 

2  C 

3  C  THIS  SUEPCCTINE  TESTS  ThE  C  MATRIX  FcP  LINEUP  DEPENDENCE 

4  C  USING  A  GRAV-SCHM1DT  C  P  T  hC  CC,  N  A  L  I  Z  »  T  I  C  N  Al  GC  P  I  The  w 

5  C 

e  0IMENS1_N  D(  ID  IM2.  IC  IV2) 

7  REAL  +  8  CPRME (  ID  I  M2 . 10 IN2 > , AND  V  ,Cfc NC W 

6  INTEGER  E 

S  I  T  S  T  =  C 

10  DC  ICC  J-=  1  •  E 

11  DPRME <FC, J l=C(MD,  J  ) 

12  100  CCNT  INCE 

13  M0*1=ND-1 

14  DC  400  L=1.MDM1 

15  A  N  L  -  0  •  0 

1£  DENu =  0  •  0 

17  DC  200  K=1.E 

ie  ANU^  =  ANUK  FC(  MO  «  K  )  *CPRV  E  (  L  ,  K  ) 

IS  DENC.M  =OENCV*DPR  WE  (  L  ,  K  )  **2 

20  200  CCNTINCE 

21  DC  3 C  0  J=1,E 

22  D  OR  VE(VC.J)=OPRMc(MC,J)-CPRME(L,JMANO  v/DENCH 

23  300  CCNTINCE 

24  400  CCNTINCE 

2=  C 

26  C  TEST  FCR  "2£RCSM  CN  ThE  NEU  R  C  4 
2  7  C 

2e  DC  £00  J  =  1  »  E 

2  S  IF( CASS( CPRME< VO . J >  )  .GT. 1 .00-5 )  ITST=ITST+1 

30  £00  CCNTINCE 

3  1  P  E  T  C  P  N 

22  END 
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8.4.8  EOCO'i 


Subroutine  EOCON,  shown  in  Figure  812,  calculates  the  equilibrium  constants 
for  each  of  the  format  on  reactions  from  the  Gibbs  Free  Ene-cy  change  of  the 
reaction.  Array  D,  which  contains  the  optimum  set  of  basis  soecies,  is  inverted 
at  line  2fi  using  IMSL  subroutine  LIN V I F .  A  message  is  written  out  at  lines  27, 
23  and  29  if  the  inverted  matrix  has  less  thar  four  significant  figures.  If 
array  9  appears  to  be  algorithmically  singular  to  LINV1F  a  message  is  wr  i t ten 
out  at  lines  30  through  32,  parameter  ISF0p  is  set  to  unity  and  the  iterative- 
process  s  halted  in  the  main  program. 

Lines  35  through  45  calculate  the  stoichiometric  coefficients  for  the 
formation  reactions  using  equation  4  from  section  8.5.  The  equilibrium 
constants  for  these  reactions  are  then  calculated  at  lines  Ag  through  57. 

8.4.9  ACTCCF 


A  listing  of  subroutine  ACTCOF,  which  calculates  the  activity  coefficients 
for  each  specie,  is  shown  in  Figure  813.  Initially  ,i I  of  tie  activity 
coefficients  are  set  to  unity.  The  iteration  process  for  tre  equilibrium 
composition  proceeds  under  this  assumption  of  an  ideal  system  until  REiMAX,  the 
convergence  test  parameter,  becomes  less  than  0.1.  At  this  point  three  options 
become  available  for  the  solution  phase.  The  first  option  (IXSC0R=0)  simply 
assures  an  ideal  solution  phase.  The  second  option  ( I X SCOP  = l )  treats  the 
solution  phase  using  simple  solution  theory  and  is  appicable  to  binary  solutions 
only.  The  activity  coefficient  for  specie  i  is  given  by: 

Yi  =  ^p  [(Axs  +  3x$  T)(l-Xj)2/RT]  (1) 

"he  third  option  (IXSCGR2=2)  allows  the  first  specie  in  the  solution  phase 
to  ha.?  an  activity  coefficient  described  by  Henry’s  constant,  H. 

y ,,  i  =  H  -  A  exp[S  ,/Tl  (2) 

•  V  + 1  xs  xs  J 

Tne  vapor  phase  is  always  assumed  to  be  ideal. 

8.4.10  CALCQ 


A  listing  of  CALCQ  is  shown  in  Figure  R14.  This  subroutine  calculates  the 
"equilibrium  constants"  for  each  of  the  formation  reactions  based  on  the  current 
estimate  to  the  equilibrium  composition.  These  equilibrium  constants  are 
calculated  by  the  following  relationship. 


Qi  = 


Y-X.P  7 

l  l  pi 


(Y 


'ik 


k=l 


k  k  ■  pk' 


(1) 


where:  y.  =  activity  coefficient 
X.  =  mole  fr act  ion 

l 

v.,  =  stoichiometric  coefficient 
ik 

p  _  . P/Po  vapor  species 

pi  1  1  condensed  phases 


!■!«] 


Figure  B12.  Subroutine  EQCON 


SU8R  CUT  I  NE  EQCtN(A«C»CC*ClNV,CCtCNLiSTCCP«KECi  IOXBAS  ,1»K4  , 
£  R  T  t  ITER,  ID  I  V  1  t  I  C  i*2,V»S,C  .  E  »  I5TlP.I»RT  ) 

THIS  SUERCLTINE  CALCULATES  THE  REACT  ICN  CCtFFICIEM  MATRIX 
ANC  THE  ECUILIBPIUV  CCFSTAMS  FCR  T  I- E  FCRVAT  ICN  REACTIONS 

D  I  MENS ICN  AIIOIMl, ICIV2). 0(101*2,  ICIV2),CC<ICIV2.  131*2), 

£  D  I  N  V  (  IOIV2«ICI*2)  »DG(  l  C  1*1)  i  CM  (  I  C  l  *  L  ,10  1*2), 

£  IOX9AS(ICIV2),STCCP(ICI*l).*KA(IOI*2) 

DCUBLE  PRECISION  CC.CINV.IKA 
INTEGER  V  .SiC  E.VSC 
REAL  K  £  C (  IDI*1  ) 

V  SC - V t'»C 
I  S  T  C  P  =  0 


STCPE  ARRAY 


IN  ARRAY  CC  ANC  USE  ARRAY  CC  IN  TFE  CALL 


L  I  N  V  1  F 


OC  100  1=1.  E 
DC  ICO  J= 1  *  E 
DO<  I  .  J  )  =  C ( I , J) 

100  CCNT INLE 

INVERT  MATRIX  00  USING  I*SL  SLERCUTINE  LINV1F 

I  D  G  T  =  4 

CALL  LINVlF(CC.E.ICIR2.r.  INV,  I C  G  T  .  »  N  A  .  I  ER  > 

IF(IEA.EC«34)  V*RITE(I*RT»llO)  I  TER,  I  OCT 
110  FCRVAT (  *0*  «•  ***  +  +  ITEhATICN  *,IE,*  ACCURACY  T£;T  FAIL  EC  I N  » 

£  * SU  ERCUT  I  N  £  LINVIF  CURING  VATRIX  INVERSION .  I0GT=',12> 

IF11ER.EG.129)  aRITEI  I*RT»120)  ITER 
120  FCRVAT (  *0*  »•  *****  I  TER  AT ICN  '.IS.'  VATRIX  O  IS  SINGULAR*  • 

£  •  IN  SUBROUTINE  ECCCN*) 

IF  (  IE  R  .EG  .  129 )  I S  TCP  =  1 
IF( I S TCP. Ed. I )  GC  TC  EOS 

CALCULATE  THE  REACTION  COEFFICIENT  VATRIX 

DC  300  1=  1  ,  V  S  C 

DC  3  C  0  J- 1  »E 

TEMP=0.0 
OC  2 C  0  J  J= 1 »  E 

TEVP-TEVPfAl I,JJ)*CINV(JJ,J) 

200  CCNT  INC  E 

GNU  1  l  .  J  )  =  TE.VP 
300  CCNT INUE 

CALCULATE  THE  ECUILIHRIUV  CONSTANTS  FCm  THE  FC^VATICN  FEACTIINS 


DC  EGO  1  =  1  .VSC 
ARC= ( -  1 .0 ) *5  TDCPl  I  ) 

OC  400  K  = 1  ,  E 
i oxe= i c  xe as  <  k  > 

ARC=ARG  +  GNU(  I.K) *STCCP(  ICxE  ) 

400  CONTINUE 


Figure  B13.  Subroutine  ACTCOF 


1  S  U6R  C  0  T  INE  ACTCCF(FRAC,ACCEF.ISFCE,SR'EC15.IN-EX,  IC I vi , ;-L«iX , 

2  6  IXSCCR. AXS.EXS.T.IACFF.V.S.C.IvRT) 

3  C 

4  C  SUEfiCUTINc  TO  CALCULATE  ACTIVITY  COEFFICIENTS  FCS  THE  SCLLTICn  FMi 

£  C 

6  C  IXSCCR  ALCCRITHUM 

7  C  I  BINARY  SIMPLE  SOLUTION  THEORY  GE  = { A  X S *6 X5*T  ) *X 1  * X2 

6  C  2  HENRY'S  CONSTANT  FOR  THE  FIRST  SOLUTION  SPECIE  F  =  AX2<-£XP( 

s  c 

10  OIMENSICN  AC3EFI  IC  IM  1  )  ,FR AC(  IC  IM  1  )  .  IN3EX (  ICIM t  ) 

11  INTEGER  I SPCE <  10 IM  1  ,2  I  .SPEC  IE  (  IC I m  1  ,  3  1  ,  V  ,  S ,C » VSC 

12  VS C=V*S*C 

13  DC  ICO  1=1.  VSC 

1 4  ACCEF (11=1.0 

1  £  100  CCNTINOE 

16  I F ( AES < PEL  MAX  1  .LT  .0 . 1  1  IACFF=1 

17  IF ( IXSCCR.EC.2)  IACFF=1 

18  IF (  IXSCCR  .LT  .  1  .CR.  I  XSCCR .GT .2  .CR  .  S  .LE  .  1  )  I  A  C  r  F  =  3 

15  IF{ IACFF.EQ.O)  GC  TC  SCO 

20  RT  =  O.CO  ISE72AT 

2  1  C 

22  C  IDENTIFY  THE  SOLUTION  SPECIES 

23  C 

24  DO  ISC  J=1.S 

2  S  K'V»J 

26  DC  ISO  1=1.  VSC 

27  IF ( cPEC  I  c  <  I  .  1)  .EQ.  ISPCE(K«  l  1  .ANC. 

28  e  SR£CIE(  1.2)  .EQ.  ISPCE<K.2)  •  A  N  0  . 

25  £  SPEC  l  fc  (  I  .  3  1  .EG  .  ISRC  t  (  K  ,2  >  )  INCtXCJMI 

30  150  CCNTINOE 

3  1  1  TEST  =  1 

32  DC  155  J=  1  .S 

33  I F (  INCE X ( J  1  .LT  .  1  .CR  .  I  NDEX (  J  )  .GT  .VS C  1  ITE5T  =  0 

34  155  CONT  INOE 

35  IF(ITEST.EC.O)  *RIT£<I*RT,160> 

36  160  F CRM  A T (•  0  '.•♦*** *  THE  SOLUTION  SECIES  CCLLC  NOT  8  S  IJENTIF  iiD 

37  £  •  IN  SUE  ROUTINE  ACTCCF'l 

36  IF (  IXSCCR. EG. 2)  GO  TC  2  0  0 

3  S  C 

40  C  BINARY  SIMPLE  SOLUTION  THEORY 

41  C 

42  IOXl  =  INCEX(l  1 

43  I J  *  2=  I  N  C  E  X ( 2  1 

44  X1=FRAC(  10X1  ) 

45  X2= 1  .0-X  I 

46  ARG  1  =  <  A  X  S  «-aXS*T  )  *X2  **  2/R  T 

47  A PG2= ( A  X S HBX547  )  *X  1  4  * 2/RT 

46  ACCEF <  IC X  l  )  == XP < ARC  l  > 

4  S  ACOhF (  1CX2)=cXP(AkG2) 

50  GC  TO  SCO 

5  I  C 

£2  C  HENRY'S  CONSTANT  FOR  Thc  F  I  F  S  T  SCLUTICN  SPt.CIE 

SCC 

54  200  ICX  1=  INCEX<  1  1 

55  ACOEF (  ID  X  1  )= A  X S *e XP ( e X S /T  1 


6 

7 

8 
S 

10 

1  1  c 

12  C 

13  C 

1  4 
l  5 
16 
17 

1  e 

19 

20  C 

2  1  C 


Figure  B14.  Subroutine  CAL CQ 


SUBKtUT  INi  CALCJIGNU.N  .ICCEF.FH^C.FHlSt.VlfCf  ,;CLN,  ICXt-iS.'J, 

&  ZV,  FKACZ.P.PJ.v.S.C.e.ICIM.  I  C  l  M  2  ,  l  »  F  T  ) 

SO  BR  CUT  I  N  E  TC  CAL  COL  4  T  £  ECLiLIERIUM  CCKSUMS  FROM  CCVPCSiTlCN 

DIMENSION  GNU  (  IDIM1  ,  10  I  M2)  »  A  C  C  E  F  (  ICIM1)  .FRAC(ICIMI),  ICXBAS  t  I  C  IM2  ) 
&  GUCIM1) 

INTEGER  V.S,C.£iVSC.FFASE(ICIVl,2>  ,v4FCli(2l,::iM3) 

R  E  AL  A  E  N (  101 M  l  )  ,  NV  ,NS 
VSC  =  V  HS  *C 

CALCULATE  THE  TOTAL  NJMBER  CF  MOLES  IN  EACH  PHASE 

NS- J  .0 

N  V  =  2  V 

DC  100  1=1 t VSC 

I  F( PH  ASE  <  I  .  1  )  .EQ.VAPCh!  1  )  )  NV-NVtM  1  ) 

I F ( PH  AS  c (  I  .  I  )  .ED  .SCON (  1)1  N  S  =  N  S  ♦  N  (  L  ) 

100  CCNT inle 

CALCULATE  THE  MCLE  FRACTIONS 

DC  2  C  0  1=  1  .VSC 

F  R  A  C (  I  )  =  1  .0 

IF  ( PHASE!  1,1  )  .EO.VAcCR  <  1))  FRACI  1  >  -  N (  I)/NV 
IF  (PHASE!  I  .1  )  .ECl.SCLNI  1  )  )  F  R  A  C  <  I  )  -  N  <  I>/NS 
200  CCNT INLE 

FRACZ=Zv/NV 

CALCULATE  THE  EGLlLlt'RILV  CONSTANTS 

DC  4  C  0  1  =  1  , V  S  C 

PP0=  1 .0 

IF ( PH  A  S  E  (I,  l  ).£G.VAFCR(  1)  )  FFO-f/F. 

Q(  I  I  -  AClcH  I  )  *  r  n  A  C  (  I  I  *  H  F  0 
DC  2  C  C!  J  =  1  «  E 
K  =  IC*E AS ( J  ) 

PFO-l.O 

I F ( AH  AS£ ( K» 1  ).E0.VAPCR<1»)  FF3=F/FC 
U(I)=C(1)/(ACCEC(K)#FRAC(K)*PF0>»*CNL(I,J> 

300  CCNT  INLE 
400  CCNTINLE 


The  product  in  the  denominator  is  taken  over  the  bas  s  species  in  to-; 
system. 

B.4.M  APJEXT 

Subroutine  ADJEXT,  shown  in  Figure  BIS,  adjusts  the  extents  of  each 
formation  reaction  using  equation  8  fro-"  section  8.5.  "he  predicted  change  in 
each  reaction  extent  is  calculated  in  lines  II  through  31.  The:  values  are 

set  to  zero  in  lines  28  and  29  for  species  which  ate  present  in  only  very  small 
amounts.  Nonnegativity  of  the  basis  species  molar  amounts  is  assured  by 
application  of  equations  10  and  1 1  in  section  3.5  in  lines  32  through  51. 

B.4.I2  CNVFRC  and  OGOLAM 

Listings  of  subroutine  CNVFRC  and  function  sub pi ogr  a-  OGOlAM  are  shown  in 
Figure  816.  Subroutine  CNVFRC  calculates  a  convergence  f:rcer  .  ’«  ,  us  inn 
equation  14  from  section  B.5. 

At  line  20  subroutine  CORMOL  is  called  to  determine  tne  molar  amounts  whig 
would  be  present  if  X =1  and  the  derivative  is  evaluated  in  line  21.  Tne 
derivative  is  evaluated  for  X  =  0  at  line  27  a- 1  lire  30.  Lines  31  and  32  limit 
the  maximum  and  minimum  values  of  the  convergence  force-  to  1.0  and  RLXMI'I 
respect i vely. 

Function  subroutine  OGOLAM  calculates  the  derivative  of  the  system  Gibbs 
Free  Energy  with  respect  to  the  convergence  forcer  using  the  following  re! at  ior 
from  Smith  and  Missen  [2]. 

,r  vsc 

&*Rr  d,  ("i  -  »,>(,?  * (id  Vm1-1  or 


where:  n^  =  total  moles  in  the  phase 

n  =  equations  9  and  10  section  8.5 

p  _  j-P/Ro  vapor  phase 

pi  'I  c  <  *  'id  m-  is  sed  phases 

8.4.13  C0RM0L 

Subroutine  C0RM0L ,  shown  in  Figure  817,  corrects  the  molar  arcunts  of  each 
specie  to  reflect  the  adjusted  extents  of  the  formation  reactions  using 
equations  9  and  10  in  section  8.5.  The  minimum  molar  ar  cunt  an.,  specie  may 
attain  is  set  to  I.GSxlO-1-^  moles  lone  molecule). 


^56 


Figure  B15.  Subroutine  ADJEXT 
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SUa^UT  [Nt  ACJEXTIN.KEC.C.CNC.DEcTA.IDXR^c.Cv-N-.RRA^;:,  ICIVL 

&  V  il  iC  iF  i  I  T  ) 

SUBROUTINE  TC  ADJUST  THE  EXTENTS  CF  REACTION 

O  IMcN  S  ICN  IDxaAS(IClV2),G<ICI*l  >.CNJ<  l  C  I  1  .  I  C  I  *2  ) 

INTEGER  CCND(  3)  .PliJSEI  I  C  I  *  l  .  3  )  .V.S.C.E.VSC 
REAL  KEC(  I  0  I «  1  » 

REAL  *8  M  I0I«l).D2ETA(  IlIVI  ),CE\OV,TCTON 
V  SC= V  ES FC 


CALCULATE  Tee  CEANGE  IN  REACTION  EXTENT  FUR  EACE  REACTION 

DC  2  C  C  1=  l  .  V  SC 
DEL  I = 1 . 0 

IF(PHASE(I.l>.EO.CCND(  l  ))  DEL  I  =  0  .  C 
DcNCE  =DEL I /N ( I  ) 

DEE  T A  ( I  )  =  0  .0 
DC  10  0  J=  l  .5 
K=IDXEAS< J) 

IF(I.EC.K)  00  TC  200 
DEL  K  =  l  .  0 

IF(PHASc(K,l ) .EQ.CCND  (  l  )  )  CEL  K -  0  .  ' 

OENCE  CENCM-DElKAGNL(  I  .  J  M  *2/N  (N) 

100  CCNTINLE 

IF(DENCV.EQ.O.O)  OENC  V-ALCG(KEC<  I)  >  -  At.  CC  (  C  <  I  I) 
OEETA(l)={ALCC<KCC(  I  )  )  -  a  L  C  G  (  C  (  !>>)✓:*  s  (  c  fc  N  C  V  ) 

I  F  (  N  (  I  I.LT.l  .6  6E-24  .  AND  .C2ETA  (  I  )  .LT.C.C)  CI£1MI  )=j.- 
IF(OZETA{I).LT.O.O.AN  .CAE£(D7ETA(  I))  .  C  T  .  N  {  I  )) 

&  c  l  t  r  a  (  i  )  -  (  - 1 .  :  s »  m  i  ) 

2  0  C  CCNTINLE 

LI  VJ  I  TEE  MAXIMUM  AUC»A«Lc  C/ETA  VALLES 
8  A  SE  C  CN  NCN-NEAOAIIVITV  CF  TEE  EASIS  SPECIES 

AKAPA  =  1  .  C 
DC  4  0  0  J  =  1  .  E 
K=ICXEAS(J) 

TCTON  =  C  .0 
DC  3  C  0  I-l.VCC 

TCTON-TCTUN-  GNC(  I,J5*C/ETA{I  ) 

300  CCNTINLE 

TEST  =  MK)LTOrDN*AKARA 

IFUEST.LT.O.O.ANC.N(K)  .CT.l.ftF-24)  AKAFi  -  l  -  1.  J  )  AM  K  )  /T  i 
400  CCNTINLE 

OC  E 0  0  I  =  l  «  V  SC 
OC  450  J=  1  ,E 

IF (  I  .EC.  IGXBA5 ( J )  >  CC  TC  50G 
450  CCNTINLE 

DELTA  (  I  )  -  0  E  E  T  A  l  I  )  *  A  K  A  R  A 
500  CCNT  INLE 
RETLRN 
END 


Figure  B16.  Subroutine  CNVFR 


^vCiiiM  C''wt-rC(:«,'.T-v.,,:T  a-,,:: -f  ,jr 

e  c  c n .  c :  i_  n  •  ( *  -  £ : ,  L  v  •  ~  .  -■ 

£  i  b  i  I  V  i  ^  t  .  i  .  ) 

iUtKL'JTlNt  7  b.  Ci.LCUu.-7i  7  l-  _  .CSV'  -  C^SbC  FL  l 

3  I  M-_NS  ICN  IDXH  iS(  I  c  1  *?)  »CSO(  1  7  i  ^  1  i  ib  IV2  )  , 
£  ST  OCP (  I G I  V  l  )  ,  a  C  C  £  F  <  I  C I  V  1  ) 

INT-C-;  V.A  pj-  l  i)  ,  COu  (  3  )  ,  ;C'-N  (  £  )  .  3|-  as  i  (  I  b 
Pi  Tit  L am GO  A 

Sb4b»S  M  I  C  I  M  1  )  ,  NT  £  y  e  (  i  C  i  w  1  >  ,  :.  Z  Z  7  A  {  I  c  I  4  1  ) 

vsc=v+s+c 


C  A  t  CUL  AT  b  CG/D'_  A  *-0  A  i7  L“-£:-=l.b 


L  AMCC A=  1 .0 
DC  ICG  I = 1  »  V 3 C 
NTi  -IP  (  I  )  =  N(  I  ) 

(JO  CCNTJNtZ 

CALL  CCKMGL ( NT  £MP  ,  C/£TA  ,GVJ  ♦  I  3  X  £  -S.  IL  IV  l  i 
0GSl1=CGCL  AM  <  N  ,  N  i  £MF  ,  S  7 Cl:-  ,  ACCS.-  ,  PH aS  £  «  V  * 

&  io:mi ,vsc  > 

I F ( : GCL  1  .Li. . 0 .0 )  GC  7 C  50  0 
CALCGlat£  CC-/CLA'«£0  A  *7  L  A  v  £  c  A  =  0  .  J 


O  i  j  C  L  C  =  (  -1  •  3  J  *  C  G  3  L  Ai*1  (NT  c:  v  f-  •  N  »£T  ubr  >  ACC  :  A  ♦  A 
£  h7,F»r  »VSC) 

IF  (  CGCt  ;G»G  C-  “■  L  1  )  CGJ  L  1-0  .0 
L  -  •!-_  1  a  -  t  C  GL  7  /  (  .  GCL  G  -  CG  CL  l  ) 

I  A  (  L  A  v  £  .J  a  .  G  T  .  1  .  -G  )  U'^GJ-l  .0 
if (b JMcDS.LT.D.O)  LAV£ca-ALXMIN 
0  G  CCN  7  I  N  G  c 
PSTur n 
'£  N  C 


i~  O  N  C  7  I  _  m 

r 


G  G  L  A  v  (  ?  j  ,  NZ  ,  5  Tbf  P  *  AC 
: :  '  v  i ,  v  =  c  i 


^  -J  _  »  V 


O  bi  1 1  j  bi  r«  H  J"  C  C  A  ; _ J  L  -1  7  b.  C  J  /  s  L  A  V  £  _ 


D  t  v  £  N  2  I  C  N  A.CC  ?  F  '  '  -  1  V  i  )  ,S7;;CF(  I  C  I  v  l  ) 

iNTcCr.-  PH  AS  £  (  I  G  I  v  i  ,  ,  V  a  PCH  (  3  »  .  S  CLN  <  3  )  ,  v 

P  ;C  AL  *  3  M  (  I  J  !  '*  1  )  ,  N  2  (  I  J  i  l  >  ,  N  V  ,  N  S 

CALC'JL  AT£  TrC  TCT-.L  \  J  v  £  F  (,f  MCl  ~  5  IN  7  r>.2  '£  L  '.J'  3  J 


N  5  -  G  •  G 
N  V  -  Z  V 

0  C  I  0  O  1-1  ,  V£. 

IF  (  ’h  4  i  b  (  i  »  1  )  >  I  .  V  i  :  1  .-  (  1  )  )  N  V  ~  f-  V  +  N  <r  (  i  ) 
I  ■-  (  p  H  -»  G  :  <  I  ,  l  )  •  -  3  •  C  C.  L  N  (  l  )  )  f  i  -  N  | 

Q  J  C  N  7  ;  N  L  _ 


LAlClLATZ  L  G  /  0  L  a  >>  -  c  A 


V  •'  r 


■;’H  .• 


Figure  B17.  Subroutine  CORMOL 


1  SUBROUTINE  CCRJ'CLlN.DZfcTA.CNU.ICXFJE.IDIM.ir. 

2  C 

3  C  SlcSCUTINE  TC  CO«f=cCT  T  F  £  FCLAR  ANCLNT;:  CF  EACF  5P 

4  C 

5  OIVENSICN  GNIU(I£JIVI.ICIN2).ICXEAS(I0IV2> 

e  REAL  LAVECA 

7  R£AL*e  N (  ID  IV l  )  . OZE T A  (  I C  I  H  i  ) 

8  INTEGER  VSC.E 
S  C 


xo 

C 

CORRECT  EACH  NGNeASIS  SPECIE 

1 1 

c 

1  2 

DC  200  1=1 . VSC 

13 

DC  ICC  J= 1 .E 

1  4 

I  F  (  I  •EG*  IDX3ASIJ)  )  C-L  TC  200 

1  5 

100 

CCMIME 

i  e 

N(I)=MI)FCZcTA(I)*LARECA 

1  7 

I  F  ( Is  t  »  ).LT.l.eSE-24)  M  I  )= 1 .6  SE-2  4 

x  a 

rv> 

o 

o 

CCM  1NUE 

1  s 

c 

20 

c 

CORRECT  EACF  BASIS  SPECIE 

2  1 

c 

22 

DC  400  J  = 1  .E 

23 

K=  IC*E AS  I J ) 

24 

DC  300  1  =  1  .  VSC 

25 

N  (  K  )  =  M  K  )  -GNU  <I,J)*CZ6TA(  i  )  *L  A  S' t  C  A 

2t 

300 

CENT  IISLE 

27 

IFIMKJ.LT.  1  .6  55-2  4  >  MK)=l.£!c-U 

26 

4  JC 

CCNTIHE 

2R 

RETURN 

30 

END 
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B.4.14  ORDER 


A  listing  of  subroutine  ORDER  is  shown  in  Figure  313.  Subroutine  ORDER 
places  arrays' N,  STOOP,  AO,  A1 ,  A2,  A3,  OHO,  DSO,  IC3,  0ZETA,  CHMPT,  ACOEF, 

FRAC,  DG,  Q,  KEQ,  SPECIE,  PHASE  and  A  into  the  specie  order  of  the  original 
problem  statement.  This  makes  the  output  readily  acressab’e  and  also  is 
necessary  for  the  correct  operation  of  the  composition  locoing  option  ( I  OPT =3 ) . 

B.4.15  WRAPUP 

Subroutine  WRAPUP,  shown  in  Figure  B 1 9  writes  a  wrap-uc  file  to  logical 
unit  designator  IFILE.  This  subroutine  is  accessed  *hen  parameter  IWRAP>0.  For 
I WRAP  - 1  or  2  the  value  of  IFILE  is  set  at  2.  For  IwR4P=3  IFILE  is  set  equal  to 
IWRT  which  is  the  line  printer  logical  unit  designate-.  This  subroutine 
provides  concise  data  output  and  is  quite  useful  when  the  input  data  set  has 
been  verified  to  be  correct  and  parametric  studies  are  desired. 

B.4.16  DEBUG 

Subroutine  DE8UG  is  accessed  when  parameter  I DE 3 ‘JG>  1 .  This  subroutine 
provides  an  output  of  the  convergence  forcer,  system  Gibbs  Free  Energy,  the 
relative  state  of  convergence,  specie  molar  amounts  and  changes  in  the  reaction 
extents.  A  listing  of  DEBUG  is  shown  in  Figure  B20. 

B.4.17  GIRBS 

Subroutine  GIBBS,  shown  in  Figure  B21 ,  calculates  the  total  system  Gibbs 
Free  Energy  usinq  the  relation 

vse 

G  RT  n,fu°  *  In  fv.  X,  Ppj''  (I) 

where:  y.  =  activity  coefficient 
X.  =  mole  fr act  ion  of  i 

i 

p  _  j'P/P  vapor  pb ase 

pi  -ll  0  condense:  phases 

8.4.18  PK.J,  DPMAT,  PVEC,  and  IPVEC 

Subroutines  PMAT,  DPMAT,  PVEC  and  I PVEC  are  used  to  write  out  single 
precision,  double  precision  matricies,  and  single  precision  and  integer  vectors 
when  the  debugging  option  is  active.  Listings  of  tnese  subroutines  are  shown  in 
Figure  B22  through  825. 


Figure  B18.  Subroutine  ORDER 


SUBf-  CUT  I  N£  ORDER  C  I  SF  C  E  .  £  -  £  C  i  E  *  PH  A  S  ;  *  N  .  A  ,  3  T  £  CP  .  -»0  .  «  1  .  A  2  .  A3  * 
6CS3.CZETA  .CrtMPT  .ACCEP.FRAC.  CUES  .  C  G  .  G  .  KEC  «  I  CP  .  1  D  I  V  1  .  IDIM2._- 

&IWRT) 

SUBROUTINE  TO  ORDER  THE  ARRAYS  BACK  TC  The.  3hIGIf'.~L  CPOtP 
OF  THE  PROBLEM  STATEMENT 

DIMENSION  A( I  DIM! , I DIM2 >. STDCP ( ID IM t ) ,AO( I C  IV 1 ) ,  A1 (  IC I  Ml  )  , 
tA2  (  I  C  IH  1  }  ,  A3  (  ICIMI>»C*-MPT(  I  C  I M  1  )  »  A  CCE  F  (  IClMl),JHJ(  1 0  I  M  1  )  , 
tDSO ( IOIM1 1  .FRACC IC  INI >,0G(ICIV1),Q!I0IM1>.ICP1!CIM1) 
INTEGER  QUES(  ID IM l > . I SPCE ( I  0 1 M 1 ,3  I • SPEC  IE ( I C 1 M 1 . 3 ) , 

6  PHASE! IDIM1 .31 .E.VSC.VSCMl 

PEAL  KEO( IOIMI ) 

REAL*S  N(I0IM1).DZETA(ICIM1),T£MP 

VSCM1=VSC-1 

DG  30 a  I=i .VSCMI 

IP1=I+1 

OO  200  II=IP1.VSC 

IF! I SPCE 1 1  .1 ) *EQ.SPECIE (  1 1 • I)  .ANC. 

6  I SFCc  C I • 2  >  .EO.SPECIE!  11,2)  .AND. 

6  I SPCE! 1*3) . EQ .SPECIE! 1  1.3))  GC  TO  50 

GO  TC  200 
50  T EMP- N ( I » 

N(I)=N(II» 

N 1 1  I )=T EMP 
TSMP=STJCP< I ) 

S T DCF (  i  )  =  STOC°! I  I) 

STDCF ! I  I »  =  TEMP 
TEMP  =  AO (  I  ) 

AOtl )  =  AO(I  l) 

AO! I  I  )  =  TEMP 
TEMP=  A  1  (I) 

A  1 ! I >  =  A1! 1 1) 

A i ( I  I J=TEMP 
TEMP=  A2( I > 

A2 ( I  )—  *2 ! 1 1  ) 

A 2! I  I >=TEMP 
TEMP=A3 i I ) 

A3! I  ) = A3 {  I  I  1 
A3! I  I >  =  TEMP 
TEMP=OHO( I » 

OHO! I )  =  DHO( I  I » 

OHO! I  I )  =  TEMP 
TSMP^CSO! I) 

OSO!  I  l  =  DSO ( I  I ) 

D  SO  (  I  I  )  =T  E  MP 
IT£MF=ICP( I > 

ICP(  I  1  =  ICPi I  I ) 

ICP(  I  I )= ITEMP 
TEMP  =  D  ZET  A ( I  ) 

DZET»  ( I  >=DZETA( I  I  ) 

OZETA (  I  I  >  =  TEMP 
TEMP^CHVPT ( I ) 

CHMPT 1  I )=CHMPT(  I  I > 


.  V  S  C  . 


872 


55 

CHMPT  <  I  I  1=TCMP 

56 

T£MP=ACuEF  <  I  > 

57 

A  CCcF (  I  )  =  AC0  =  FC I i  1 

58 

ACOEF (  1  I  >  =  T£MP 

59 

TErfP=FRAC( I) 

60 

F«AC( I >=FR «C( I I 1 

61 

FRACI I I 1=TEMP 

62 

1  TEMP=CUf  S ( I ) 

63 

OUES ( I 1=CUES<  £  11 

64 

QUES  (  1  I  »  =  IT£'4P 

65 

TEMP=CG( I ) 

66 

DG( I >  =  CG( i 1 ) 

67 

DGC I 1 )  =  TE  MP 

68 

T£MP=C< I ) 

69 

CHI  1  =  0(11  1 

70 

Q(  1 1  >=TEMP 

71 

TEMP=KEQ< I ) 

72 

KEG ( I »=KEG< I 1 1 

73 

KEQ( 11 )=TEMP 

74 

00  60  J= 1 »  3 

75 

I TEMP=: SPEC  1=  (  i  ,  jl 

76 

SPEC  I E ( I • J l  =  3PEClc( II . J  > 

77 

SPEC  I E  C  11, J»  =  ITcMF 

78 

ITEMP=PHASE( I, Jl 

79 

PHASE ( I. J1=PHAS£< ll.Jl 

80 

PHASE  <  II  •  J  )  =  I TEMP 

81 

60 

CONTINUE 

82 

OO  100  J=l.c 

83 

TEN»P=A(  I  .  J  ) 

84 

AC  I  , J 1= A ( II, Jl 

85 

A (  II  ,  J1=TEMP 

86 

100 

CONTINUE 

87 

20  0 

CGNT INUE 

88 

300 

CONTINUE 

89 

RETURN 

90 

ENO 

Figure  B19.  Subroutine  WRAPUP 


su^wliin:  ie  xpuh  t  -  i  f  l  . c  1. 1  -s .  'v  *:/,£!* 

6  3  IMF  ,  .',:T5  li  ,  ACT  CA-.  ,  iC7  INi  ,  iCTr>  5,i  :i  i  -  1  ;  J  i  ,r  :  u  '  , 

&  3STCVCj.I*_>5t,.~.  .  I  1 1  i  *  r  1 1-  ■  t  < 

SUBROUTINE  TV  AUTt-wOl  A  icv«;f,y  CF  THE  f  £SuLT  3  TC  A  r  I L 

DIMENSION  INERT (3)  .F-AC  (  IC;«1  ) 

I  NT  £G£R  T  I  TLl<  20  )  .  3Ps:C  IE(  IC  IM  1 , 2  )  ,  CUE  £  (  I  0  I  *  1  )  ,  V  ,  V  ■  C  . 

&  cL(51/*SI*  •  •  3A  *  »  •  I  N  •  »  •  F'.'tsv 

R0AL*e  N< IDI Ml ) 

IF(  IDATA.SQ.O  >  HR  ITc!  IFILE. 50)  (TITLFIK)  ,K=1.20) 

50  FORMAT ( 2  0 A4 ) 

HPITE  !  IF IlE.SS >  T,P 

55  FORMAT <•  TEMP EkATUF  £  =  *.F  7,1. •  K  •  #  /  »  •  PRE  S  tUc  .  =  ',.12. 5.*  PA* 
IFCAe£(K£LMAX).GT.CNVG.ANC.IDATA.NE.0)wRIT£(IFiLC.5d)  RCLM ax , 
6  CNVG .ESTCVG.  IT6ST 

58  FORMAT  (561  *  *•  A  •  ,5X.  •  ITERATION  FCh  ECU  I  L I 6R I J V  C^-OC-Il  I'. 

&  *CI0  NOT  CCN  V£RGF  •  ,5X  IX  ,•  wax:  MJM  li-KF-*  , 

&  cl2,5i2X,'CCNV£F££NC£  CRITERION^*  ,012.5,  IX,  *  •  , 

6/  *  *  A  •  ,9X  ,  •  dEST  CCoVcRGENCc= '.=12.5,'  U  ITERATION-  ',I»,8X,»«' 
&/••*••  12X,  'THE  305T  OETAINEC  RESULTS  APE  SFCftN  t  EL  0  a  '  ,  1  1  X  ,  •  *■  • 

&  / » 6  6 ( • *• n 

IF! IOATA.EO.O )  HP  ITE!  IF ILE ,60 ) 

60  FORMAT ( 1JX, •  INIT I4L  COMPOSITIONS'  ) 

IF< IC 4TJ ,f G.l >  «R IT£( IFJLE.70) 

70  FORMAT ( XSX ZOUIL IER! UM  C C « P C 2  I T I  0 NS • ) 

IF(ICATA.fU.O)  toFi7E(IFlLE,80) 

80  FORMA  T  (  *Sh£C  IE*  ,  7X  ,  ',«CLE  FF  AC  T  IC.v  •  ,  4X  .  •  GPmM  vOlc'1  ) 

OC  200  I-l.VSC 

WRITE  C  IFILE,  10  3)  (  S  PEC  I  S  (  I  ,  K  )  ,  K  =  1  .  3  I  .  FR  A*.  (  I  )  ,  N  (  I  )  ,  0  u-'  3  (  I  ) 

I F ( I  .NE  .V)  GO  TC  200 

HRITE(IFILE.lOo)  CN£R1<K)*Ksl.2)*FPACZ,ZV 
10  0  FORMAT (3AA.2X, £12. S»2X»E12.5*1X»AA) 

IF(R  I  I  I  V.GT.  0  .AND  .R  I  i  I  V  ,LT  .  I  .OEfc  )  HR  I  Tc  (  I  F  I  L  £  ,  1  05  )  7  I  I  T  V 

105  FORMAT ( 'V  A POP  Iil/V  '.10X.F9.4) 

Ifc(SITCT.  G7 . 0  )  *F I T  =  !  I  F  ILE ,  110  )  SIMF.STTC' 

110  FJRMATC3I  IN  VAPOR  •  .  2X  ,  £  1  2 . 5 . 2  X  ,  =  l  2 . 5  ) 

I  FI  ACTS  I  £  .OT  .0  )  WRITE!  IFIL.  E.120)  =l!1).aCT£!S 

123  F0RmAT(1A2,#  ACTIVITY' .13X.E12.5) 

IF! AC TGAS .GT .0 )  WR  I  T  -  (  I F  I  L  E  ,  1  2  0  >  £u  C  2  )  .  1CTC-AS 
I  F(  ACT  INS.GT  .0  )  H  F  I  TE  !  IFILE,  120)  EL!3),ACTINS 
IF! ACTP3.GT  .0  )  Hr  ITc (  IFILE.  120)  EL(4),4CTPE 
IFf ACTAS3.GT.0)  HP  I T E !  I F  I  L c  ,  1 2 0  )  EL(5),ACTA££ 

IF  (  F.G  A  AS  .  GT  .0  )  HR.  ITE1  IFILE.  130)  F  3  S  A  S 
130  FORMAT ( • GA-A5  SATURATION  RATIO  *,=12.5) 

IF  (F  INP.GT.O  )  HP  IT  £  I  IF  I  LO  135)  RINF 
135  FORMAT!'  IN-3  SATURATION  PATIO  *.£12.5) 

200  CONTINUE 

IFCISS.GT.O)  WF  I  TO <  IF U t  ,2  05  )  XIII 
205  FCRMAT(3X«'X  =  *  iFo.4  ) 

«rite(:f:l£.2io) 

210  FORMAT!'  •  ) 

i  GA  T.A  =  1 

PETUPN 


Figure  B20.  Subroutine  DEB'JG 


SUBROUTINE  OEeuGIN.OZETA, VSC. 131*1. IT  cR.AL*<£CA,GFE, 

c  i;yx.  i*rt  ) 

ROUTINE  TC  4RITE-CUT  N .  CZETA,  ALVECA  LOSING  The  ITERATCN  PROCESS 


REALAE  N(13IM1).CZETA(IC1*1) 

INTEGER  VSC 

MRITE(IftRT.l'O)  ITES.ALWBCA.GFE.RWX 
10  FORMAT ( *0*  •  '  I  TER  AT ICS  =  •  .  I  5 , 5 X  .  •  L A WE 3 A  =  ‘.E14.7, 
£  SX, ‘GIBBS  FREE  ENERGY  =  ‘.E14.7.*  KC  A  L  *  * 

£  SX. ‘RELATIVE  EKRCR  =  •  .  E  l  2 . S . / .  I  X , 

£  ‘N-VALUE5* .T  20  .  *  CELT  A  — 2  E  T  A  VALLES') 

DC  50  1=1.  VSC 

•  RITE!  I  ART  .20)  N(  I  )  ,DZE TA(  I  ) 

20  FORMAT (  1X.EI 4 .7 ,T2C . E 14 .7 > 

50  CONTINUE 
RETURN 


» 


Figure  B21.  Subroutine  GIBBS 


SUBROUTINE  Gie8S(N.STDCF.ST0CFZ.ACCEF,FRAC.Zv,FRACZ,CCND,SCLN 
6  PHASE, FT.P.PO.IC  IAl.V.S.C.CFE) 

SUBROUTINE  TC  CALCULATE  THE  GIEES  FREE  ENERGY  CF  THE  SYSTEM 

DIMENSION  ST  OCP  (  IOIMl),FRAC<iCI*l),ACCEF(IC:*l> 

REALMS  MICIM1) 

INTEGER  CCNO (J)»SCLN(3). PHASE ( 101*1.3)  .V.S.C.VSC 
VSC  =  V ♦<  *C 


GA«  CONSTANT  IS  IN  UMTS  CF:  KCAL/G-MCLE-K 
ARC- I  .0 

IF(FRACZ.GT.O.O)  AF G = F R A C Z * F / F 0 
GSTAR=ZV*(STDCPZ*ALCC(AFG>> 

DC  ISO  1=1,  VSC 
ARC=ACCEF(I)*FRACCI)*F/FO 
IFIPHASEI  1,1 )  .EQ.CCNCI  l I 1  ARC=1 

IF(PHASE( I ,1 )  .EQ.SCLNI 1 1)  ARG=ACCEF(Il*FRAC<i) 
GSTAF  =  GSTARhMI)*{STCCF(  I)  ♦ALCC(AFG)  > 

15J  CCNTINLE 

GFE=GSTAR*RT 

RETURN 


B76 


Figure  B22.  Subroutine  PMAT 


1  SU8RCUT INE  PM  A T < M A T R 1 X , NO  I  M  1  ,  N 0  I  X 2  ,L  I  * L 2  .  N A V £ .  I  *R T  ) 

2  C 

3  C  SUER  CUT  INE  TO  WRITE-CUT  fic^L  MATRiCIES 

4  C 

5  INTE0ER*2  NAME ( 3  I 

6  REAL  MATR IX(NOI«l .NCIM2 > 

7  WRITE!  IWRT.IO)  !NAME(J)«J=1»3> 

8  10  FORMAT! »0* , ‘MATRIX  *.3A2) 

S  DC  100  1=1.  LI 

10  WRITE! IaRT.20)  ( M AT R l X (  I  . J  )  . J = 1 , L 2 > 

11  20  FORMAT!  IX,10!E11.4,2X)) 

12  1 00  CONTINUE 

13  RETURN 

14  ENO 


1 

2  C 

3  C 

4  C 

5 

e 

7 

8 
S 

10 
1 1 
12 

13 

14 


Figure  B23  Subroutine  DPMAT 

SUBROUTINE  DPMAT !  0 M TR IX.KCIMl.NClM2.Lt.U2.NAVE.IWfiT> 

SUBROUTINE  TO  WRITE-CUT  OCUfaLE  PRECISION  REAL  MATRICIES 

DCUBLE  PRECISION  DM T R 1 X ! NC l V 1 , N 0  I  M 2  ) 

INTECER  42  NAMEI31 

WRITEtlwRT.lO)  !NAVE!J).J=1»3) 

I  0  FORMAT ( • 0  •  •  * MATR  IX  *.3A2> 

DO  IOC  1=1  .LI 

WRITE!  ItaRT  .20)  CCMTRIX(I.J).J=l.L2l 
20  FCRMA T  !  I  X  ,  1 J ( D l 1  .4 .2 X  )  ) 

100  CONTINUE 
RETURN 
ENO 


m't 


-  ‘-r  aTwtJ ’aVv  -  -  -r 


Figure  B24.  Subroutine  PVEC 


SLa^Ci.  T  INE  PV£C<VECTCR.Nl>In,L.NAME.I»RT) 
SUSHCUT I N£  TC  t»RITfc-CUT  REAL  VECTORS 


O  IMEN  S  ICN  VE  C  TOR ( NC  I M ) 

I  NT  EGER  *2  NAME ( 2  ) 

•RITE! I •ST, 10)  (NAME(J) * J- 1 i3 ) 

10  FORMAT I *0*  »• TEE  TRANSFCScC  •(3«2«*  VECTOR  IS:*) 
NR ITE ( I  ART  .20 )  < VECTOR ( J  )  •  J- l  .  L  > 

23  FORMAT  <  IX  ,  1  J(E1  1  .4 ,2X  )  ) 

RETURN 

END 


Figure  B25.  Subroutine  IPVEC 


SUBROUTINE  IPVEC (  IVCTCfi.NDIM,L,NAME.I\*RT> 

SU8H  CUT INE  TO  «R IT  E  — CUT  INTEGER  VECTORS 

DIMENSION  I VCTCR ( NC  I  M ) 

INTECER+2  NAME <  3  ) 

NR  I TE <  I»fiT , 1 0 )  (N  AME  (  J  )  ,  J- 1 ,3  » 

10  FORMAT (• 3 *«• THE  TRANSPCSEC  •»2A2»*  VECTOR  IS:*) 
NRITEIINRT.23)  I  I  V C T OR ( J  )  ,  J = 1 , L > 

20  FORMAT ( IX , 10 ( I l 1 ,2X ) ) 

RETURN 


B.4.19  IMSL  Subroutines  LINV1F,  LE  H  T  i  F  LL'ELMF,  -;-J  L"D4FF . 


The  calling  sequence  of  the  IMSL  subroutines  is  shown  ;n  Figure  B26  and 
listings  of  these  subroutines  are  provided  in  Figure  B?7.  Subroutine  LINV1F 
inverts  matricies  by  placing  ones  on  the  diagonal  of  m a t r  i <  3  and  then  calling 
LEQTIF  to  solve  the  matrix  problem 

A  X  =  B  (  I ) 

for  matrix  X,  the  inverse  of  A. 

Double  precision  arithmetic  is  used  and  the  routines  test  to  see  that  IDGT 
significant  figures  are  present  in  the  result.  If  less  than  IDGT  significant 
figures  are  present  parameter  IER  is  set  to  34.  Parameter  I  Eft  is  set  to  129  if 
matrix  A  is  found  to  be  algorithmically  singular. 


Figure  sF'' 

IMSL  Subroutine  Cal'ing  Sequ- 


LINVIF:  Driver  program  to 
invert  matrix  A.  This 
subroutine  puts  ones  on  the 
diagonal  of  matrix  B  for  LEOTIF 


LEWriF:  driver  program  to  solve  tne 
~j  matrix  problem  A*X=3  fa-  matrix  X 


LUDATE:  Performs  an  L'J  deeompositio 
1  of  matrix  A  with  partial  prating. 


LUELMF:  Per  forms  appropriate 
substitutions  to  obtair  the  X 
matrix  and  wr'ites  the  X  matrix 
into  B. 


Figure  B27  IMSL  Subroutines  LI'.. IF,  LEQT1F,  LLTATF  and  LUELMF 


SUBROUTINE  LINV1F  (  A  .  N  ,  I  A  ,  A  I  N  V  .  I  C  u  T  .  *  K  Afi  £  A  ,  I  £  R  ) 

I*SL  SL  E  RCL  T  I  NE  FOR  INVENTING  REAL  N  A  1  R  I  C  I  £  S 

DOUBLE  PRECISION  A (  I A « N >  .  A  IN V (  I  A , N  )  , L A (  1  > , ZERO . C NE 
DATA  2ERC/ J.JCO/ .CNE/l  . -DJ/ 

I  ER  =  0 

DC  1C  1  =  1. N 
CC  E  J=1.N 

A1NVI I . J»  =  ZERO 
5  CONTINUE 

AINV(I.I)  =  CNE 
10  CCNT INUE 

CALL  LECT1F  < A . N , N  ,  I A  .  A  I  N V  ,  I  0 C T  ,  * K A R E A  ,  I  E fi  ) 

IF  (  IER  .EG.  0)  GC  TC  5005 
5000  CONTINUE 
500  E  RETURN 
END 


SUBROUTINE  LfcQTlF  < A  .  M  ,  N  ,  I  A  ,  B .  I  D C T  ,  * K A R £  A  ,  I  =  R  ) 

IMSL  SUERCUT I NE  LEQT1F  FCR  SCLVINC  T  F  E  MATRIX  PROBLEM  A  +  X-E 


DIMENSION  A(  I  A  »  1  ).E(  IA,  l  )  »*KAfi£A{  1  ) 

DCUaUE  PRECISION  A  ,e  , W K AF E A  ,  C  1  .  C  2  .  W A 

INITIALIZE  I  Efi 

FIRST  EXcCUTAELE  STATEMENT 

I  Efi  =  0 


DECOMPOSE  A 

CALL  LUCA  TF  ( A . A ,N .  I  A  ,  I  CG T , C 1  *  0 2 . • K A R E A , * K A R = a . « A , I Efi ) 

IF  (  I  Efi  .GT.  128)  GC  TC  5005 

CALL  RCUTINE  LUELMF  (FORWARD 
EACnaARS  SUEST ITUT IONS ) 

DC  10  j  =  1  »  M 

CALL  LUELMF  ( A  •  B <  1  ,  J )  » X K A fi E A  ,  N  ,  I  A  ,  e <  1  .  J )  ) 

10  CONTINUE 
5C05  RETURN 


AND 


SU9ftCUTlNt  LUCATF  ( A  .  LU « N  ,  I  4  .  I  C C T  ,  C  1  .  C 2  .  I  F V T  ,  £ 0 J I L  .  *  a  .  I  E 
THIS  SC  EkCLT  l  N£  IS  UScC  *ITH  SueftCuTINE  LECT1F 


O  IVtlNSICN 
3CUSLc  FftECISICN 

* 

DATA 

* 


I  EK  =  0 
ft  N  =  N 


A(  I  A  *  l  I  ,LU(  I  4  .  I  )  , I FvT  (  l  )  . ECU  JL  (  1  I 
A,LU.Ct,C2,ECulL,«iA.2EftC.CNS,FCUft.SIX 
PN.HftEL.eiGA, EIG, F. SUM, Al.»I,T, TEST, C 
2EftC. CNE.FCCft.SIXTN.SIXTh/C.DJ. 1.03,4 
IE  .00  .  .062S00/ 

FIftST  EXECUTAELc  STATEMENT 
I M  T I AL I  2  A  T  I  CN 


*  PEL  =  2  E  ft  G 
01  =  C NE 
02  =  2  E  ft  C 
8  I  G  A  =  2 Eft  C 
DC  1C  1=  1  ,N 
BIG  =  2  EftC 
Ct  5  J=1.N 

F  -  A  (  I  ,  J  ) 

LU ( I , J )  =  P 
F  =  CAES(F) 

IF  ( P  .GT  .  BIG)  e  IG  =  F 
5  CCFTINUE 

IF  (EIG  .GT.  B  I  G  A  )  GIGA  =  e  I  G 
IF  (EIG  .EC.  2  £  ft  C  )  GC  TC  110 

ecu  il ( r )  =  cne/e  ic 

10  CCM  INUE 

DC  l  C  6  J-  1  , N 
JNl  =  J-l 

IF  { JM  1  .LT  .  1  )  GC  TC  AC 

CCMftUTE  U(I,J>,  1=1,..., J-l 

DC  25  1=1, JW1 

SUM  =  LU(I,J) 

I  M  1  =  1-1 

IF  (IOGT  .EC.  0)  C-C  TC  25 

H  I  T  t-  ACCUftACY  TEST 

A  I  =  C  A85 ( SUM  ) 
m  =  2EFC 

IF  (IMl  .LT.  1 )  GC  TC  20 
OC  15  K=  1  * IM  1 

T  =  LU (  I  , K  )  +LU ( K . J ) 

SUM  =  SUM -T 
HI  =  HI*CAES<T) 

IS  C CN T  I NUE 

LU  <  I  ,  J )  =  SUM 

20  HI  =  HltCAES(SUW) 

IF  ( AI  .EQ .  2  E  ft  C  )  A  I  =  E  IGA 

TEST  =  *  I/A  I 

IF  (TEST  .GT.  H  ft  EL )  H  ft  EL  =  TtST 
GC  TC  25 


H  I  T  F  C  U  T  ACCUftACY 
IF  (IMl  .LT.  1 )  GC  TC  25 


25 


B82 


5  S 

CC  30  K= 1 • X V 1 

56 

SUM  =  S  u  m  -  l  u  (  I  i k | *LU ( K  i  J  ) 

5  7 

30 

CCNT INCE 

S<3 

LU<  I  .  J  )  =  SUM 

59 

3  5 

CCNT  INCE 

60 

40 

P  =  ZEFC 

61 

C 

C  C  M  F  U  T  E  U( J  .  J  >  A \0 

6  2 

CC  70  I=J.N 

6.3 

SUM  =  LU ( 1 • J ) 

64 

IF  (  IOGT  .EG .  0 )  GC  TC  £5 

65 

c 

4  I  T  F  ACCLAACV  TEST 

66 

A  I  =  0  A 8  S ( SUM ) 

67 

41  -  ZEFC 

ee 

IF  <  JM 1  .LT .  1  )  GC  TC  50 

69 

CC  45  K= 1 , JM 1 

70 

T  =  LU(  I  «K)*Lt(K  ,  j) 

71 

SUM  =  SUM-T 

72 

41  =  4  I  ♦  C  A  E  S  (T  ) 

73 

45 

CCNT  INUE 

74 

LU ( I . J )  -  SUM 

75 

50 

4 I  =  4 I >CABS ( SUV  ) 

76 

IF  ( A 1  .EG.  ZEFC)  A1  ■=  EiCA 

77 

TEST  a  4  I/A  I 

78 

IF  (TEST  .GT.  4FEL)  4KEL  =  TEST 

79 

GC  TC  65 

80 

c 

4  IT  h  L  uT  ACCURACY  T 

81 

55 

IF  (JMl  .LT.  1)  GC  TC  65 

82 

CC  60  K=  1  , JM 1 

83 

SUM  =  5UV-LU  (  I  »K  )  4LU  (  K  ,  J  ) 

84 

60 

CCNT  INUc 

85 

LU(  I.J  )  =  SUV 

86 

65 

G  =  EOUfL( I )4CAE3(SUV) 

€  7 

IF  (P  . C  E •  G)  GC  TC  7  C 

88 

F  =  G 

89 

I  VAX  ~  I 

90 

70 

CCNT  INUE 

9  1 

c 

TEST  FCR  ALGORITHM 

92 

IF  (f'N+P  .EG.  F  N  )  GC  TC  11} 

93 

IF  (  J  .EG.  I V  A  X  )  GC  TC  80 

94 

c 

INTERCHANGE  RC*S  J 

95 

Cl  =  -D l 

96 

DC  7  5  K  -  l  »  N 

9  7 

F  =  LU ( l MAX , K ) 

98 

LU(IMAX.K)  =  LU(J.K) 

99 

LU( J.K)  =  P 

100 

75 

CCNT  INUE 

10  l 

E  C  U  I L (  I  M  A  X  )  =  EGUlL(J) 

10  2 

80 

I  F  V  T  (  J  1  =  I  v  A  X 

10  3 

0  1  =  C t  *LU  (  J  •  J  ) 

104 

85 

IF  (OAdS(Ol)  .Lt.  CNE)  CC  TC  90 

105 

0  1  =  C  l  *5  IXTH 

106 

C  2  =  C2*FCUF 

10  7 

GC  TC  65 

10  3 

9  0 

IF  (CABSICl  1  • G  6  .  SIXTH)  GC  TC  95 

J ) 


I  =  j*  i 


ST 


ANG  IVAX 


109 

0  1  =  0 l *S  1  X7N 

1 1  0 

C  2  =  C2-FCUR 

1 1  1 

GC  TC  90 

112 

95 

CCNT  INUE 

1  13 

Jf l  -  J*1 

114 

IF  ( JP1  .GT .  M  GC  TC  105 

115 

C 

CIV  I  0  E  E  V  FIvCT  ELEMENT 

lie 

P  =  LL  <  J  .  J  I 

l  1  7 

CC  100  I=JP1.N 

1 1  e 

LUI.J)  =  Lll(  I  t  J  I/P 

1  19 

100 

CCNT  INGE 

120 

105 

CCNT l NLE 

12  1 

C 

PEPFCPV  ACCURACY  TEST 

122 

IF 

(  ICGT  .EC.  0)  GC  TC  9C0E 

123 

P  = 

2  *N  *2 

124 

to  A 

=  F  *  »  P  EL 

125 

IF 

(  to  A*-  1  0 .00**  {  -  IDGT  I  .NE.  toA>  GC  TL  9005 

1  2£ 

IEfi 

=  34 

127 

GC 

TC  9005 

128 

C 

ALGORITHMIC  SINGULARITY 

129 

1  1C 

I  EK 

=  129 

S  U  £  K  C  U  T  INt  LUELMF  (  A  ,  P  .  IP  V  7  ,  N  .  I  A  ,  X  ) 

ThIS  SUEFCUTINE  IS  USEC  XITh  LECT  IF 


IU 

1  1 
12 

13 

14 

15 

16 

17 

18 
IS 
20 

2  1 
22 

23 

24  C 

25 
2c 

2  7 
28 
2S 
30 

3  l 

32 

33 

34 

35 


DIMENSION  A(lA.l),e(l>.lPVT(l),X(l) 

DCUELE  FFECISICN  A.E.X.EUM 

EIPST  EXECUTABLE  STATEMENT 
ECLVE  LV  =  d  FCF  Y 

DC  5  1=1. N 

5  X  <  I  )  =  E  <  11 

I  X  •=  0 
DC  20  1=1. N 

IP  =  I P  V  T  (  I ) 

SUM  =  X (  IP  ) 

X(  IP )  =  XI  I  ) 

IE  (I*  .EC.  a  >  GC  TC  15 
1*1  =  I -l 
OC  10  J=Ito.IMl 

SUM  =  SUM- A (  I  .  J  )  *  X ( J  1 
.0  CCMINUE 

GC  TC  20 

,5  IE  (SUM  .NE.  0.00)  IX  =  I 


23  X ( I »  =  SUM 

OC  3  C  IE=l,N 
i  =  Nti-ie 
IF  1  =  I  ♦  1 
SUM  =  X (  I  ) 

IF  C  IP1  .GT  .  N  )  GC  TC  23 
OC  25  J  =  I P l  , N 

SUM  =  S U M - A (  I  ,  J  I  *X { J  ) 
25  CCMINUE 
30  X ( I )  =  SUM/a ( I , I ) 

FETUFN 

ENC 


SCLVE  UX  =  Y  FCF  X 
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B.5  Theoretical  Development  of  tie  Sto ich ic~et- 


The  stoichiometric  algorithms  employee  by  Cruise  ’ ' 1 
[2]  may  be  extended  to  include  a  solution  phase  in  add! tie 
condensed  phases.  A  sto ich iometr ic  algorithm  is  one  in 
reaction  equations  are  used  to  provide  a  dr  iving  force  in 
of  the  equilibrium  problem.  The  formation  reaction  f-?  a 
system  containing  E  elements  is  written  as 


S; 


E 

r 

/  ^  i  k 

k=l  K 


S 


b 

k 


The  reactants  in  equation  1  are  called  t-;e  bd^>is  so-: 
superscript  "b")  and  form  a  linearly  independent  set  oc  so 
system  which  represent  all  of  the  elements  present  in  toe 
stoichiometric  coeffic'ent  describes  the  number  of  ~c’ 
specie  k  which  are  required  in  the  formation  of  specie  i. 


The  technique  used  in  this  stoichiometric  algorithm  t 
equilibrium  composition  of  the  systen  is  as  follows.  Firs 
constants  for  the  formation  reactions  in  eolation  I  are  ca 
Gibbs  Free  Energy  change  of  the  reactions.  Next,  the  cjrr 
each  of  the  species  present  are  used  to  calculate  another 
constant".  The  values  of  the  two  constants  are  then  used 
equations  which  approximate  derivatives  of  tne  eq.iilib:j- 
to  the  reaction  extents.  These  equations  predict  char’:v> 
extents  which  will  yield  an  improved  appr  o« -  '■  at  n  n  to  tne 
composition  of  the  system. 


The  discrete  formulation  of  this  algo-  itnn,  applied  t 
of  a  vapor  phase  have  V  speices,  a  solution  p--ase  ha;e  ?  s 
condensed  phases,  starts  with  the  definitions  of  the  elere 
a  vector'  representing  the  molar-  amount  of  ea-'h  specie  a-'d 
the  total  moles  of  each  element  present  in  tne  system. 


$ 


*  • 

I 


; ;  Al  g  ar  i  thru 

a~d  Smith  and  Missen 
r  to  vapor  and  pur  e 
;  ;h  a  set  of  formation 
tne  njitr ic al  so  I jt  ion 
ny  specie  i  in  a 


(1) 

:es  (thus  the 
e;  ies  fr  om  within  the 
system.  The 
ecules  of  basis 


a  calculate  the 
t.  the  eq  j i  I  ibr ium 
’-.ilated  from  the 
ent  compos  i  t  ions  for 
"equ i I i br  ium 
in  finite  different 
constants  with  resp-.-.t 
;n  the  reaction 
ecu  i  I  i  b  i  r  urn 


:  a  system  consisting 
cecies  and  C  pure 
"t  al  ah  indance  mjtr  i % , 
a  vector  containing 
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*  13  i  ••••  d  *- 

|  vsc,l  vsc,E 

NT=  (n,  ...  n  ) 

—  '  1  vsc; 

BT  =  (b,  ....  bE) 


n .  =  moles  of  specie  i  in  the  system 


b.  =  moles  of  element  j  in  the  system 

J 

vsc  =  v+s+c 

E  =  number  of  elements  in  the  system 

These  definitions  result  in  the  following  relationship  which  describes  the 
system  mass  balance . 

AT  N  =  B  (2) 

In  order  to  construct  a  set  of  formation  reactions,  as  in  equation  I,  a  set 
of  basis  species  which  are  linearly  independent  from  each  other  yet  represent 
all  of  the  elements  present  in  the  system  must  be  found.  A  further  restriction 
is  placed  upon  the  set  of  basis  species  when  the  convergence  rate  of  the 
algorithm  is  considered.  Obviously,  the  molar  amounts  of  each  specie  must  be 
nonnegative  for  a  physically  realistic  situation  to  exist.  If  a  basis  specie 
which  has  a  very  small  initial  composition  is  chosen,  and  the  formation  of 
another  specie  requires  the  consumption  of  this  basis  specie,  then  she  rate  of 
convergence  will  be  slow  in  order  to  prevent  the  molar  amount  of  the  basis 
specie  from  becoming  negative.  Thus,  a  rapidly  converging  algorithm  will 
employ  an  optimum  set  of  basis  species  which,  in  addition  to  the  two  previously 
mentioned  requirements,  are  present  in  the  greatest  molar  amounts  available. 
Also,  since  the  molar  amounts  of  each  specie  change  after  each  iteration,  this 
optimum  set  of  basis  species  may  need  to  be  rechosen  at  each  iteration. 

The  optimum  set  of  basis  species  is  chosen  by  first  sorting  vector  N  into 
descending  order  (nj>n2>...n  )  and  ordering  the  rows  of  A  correspondingly. 

The  first  row  of  A  is  then  transferred  into  the  first  row  of  a  new  matrix  D. 

The  second  row  of  A  is  then  transferred  into  the  next  row  of  D  and  tested  for 
I  inear  independence.  If  it  is  linearly  independent  the  row  is  kept  and  the 
process  continues.  If  not  the  next  row  in  A  is  tried.  This  process  in 
continued  until  D  is  filled.  For  a  system  compr i sed  of  E  eleneits  ther.  will  be 
E  basis  species,  therefore  matrix  D  wi 1 1  always  be  square. 

An  efficient  method  of  testing  for  linear  independence  between  the  rows  of 
tho  0  matrix  is  to  build  the  Gram-Schmidt  or thogon al i zed  matrix  O’  using  the 
formulation  [4] 
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js 
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,*.v. 


d' .  =  d, . 
1J  IJ 


d! .  =  d. 
ij  iJ 


i- 1 

l  diM 
<>)  ^ 


'  E 

~l 

T 

k=  1 

d..  d ‘  ! 
ik  t  k 

l 

(d..  r 

v  c< 

k=l 

(3) 


where:  i  =  2,3,...md 
j  »  1,2.. .E 

md  =  current  row  in  matrix  0 

A  linear  dependence  between  row  md  of  D  and  the  remaining  rows  in  0  exists 
if  row  md  of  0‘  contains  all  zeros. 


I  O 


«* 

'J 
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The  matrix  containing  the  sto ich iometr ic  coefficients  for  all  of  the 
formation  reactions  is  given  by: 


N  = 


'11  • 


’it 


=  A  D‘ 


_i 


(4) 


Vvsc  ,1 .  vsc  ,Ej 

Equilibrium  constants  may  nov  be  calculated  for  each  the  formation 
reaction  equations  using  the  Gibbs  Free  Energy  change  cf  each  reaction. 

ln  Keqi  =  'RT  (k^  vik  Mk  '  UP 

where:  p°.  =  standard  chemical  potential  of  specie  i 

L>k  =  standard  chemical  potential  of  basis  soecie  k 

An  "equilibrium  constant"  for-  each  formation  reaction  may  also  be 
calculated  from  the  current  estimate  to  the  eoui  librium  composition. 


(5) 


V 

V 

V 

i 


.> 


(6) 


In  0,  =  in  a,  -  f  v.fc  in  afc 


where:  a.  =  y.  n.  P  ./ nT  (activity  of  speice  i) 

i  )  l  pr  T  •  ' 

Y.  =  activity  coefficient 

n  =  total  moles  of  species  in  the  sane  phase  as 
specie  i 

P/Po  vapor-  species 


P  . 
P' 


=  ( 


nonvapor  species 
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Defining  the  extent  of  reaction,  ,-;j,  as 

^i  ‘  ^nj  "  n.i^  /  ’  ij 

where:  n'.  =  composition  of  specie  j  at  reaction  extent  r 
J 

the  "equilibrium  constant"  as  calculated  from  the  current  composition  may  be 
written  as 

Cn  0-  =  in  [3.(n,  +  S.)]  -  f  y..  in^i^k  +  "ik’i)]  (7 


where:  8.  =  y.  Pp . /n 


As  an  approximation  assume  that  3j  and  are  constant  for  small 
changes  in  Fj.  Introducing  a  function  to  account  for  ncnvapur  phases,  a 
finite  difference  approximation  which  relates  changes  in  the  extent  of  reaction 
to  the  difference  between  the  actual  eonii librium  constant  and  the  "equilibrium 
constant"  calculated  from  the  current  composition  is  obtained  by  differentiation 
of  equation  7. 


in  Q.  d  in  Q. 


>k  'ik 


where-  x  x  =  <  1  vap0r  phase 
e  °i*  °k  '0  nonvpaor  phases 

Thus  the  difference  between  the  equilibrium  constant  for  formation  reaction 
i  as  calculated  from  the  Gibbs  Free  Energy  (Keqj)  and  as  calculated  from  the 
current  approximation  to  the  equilibrium  composition  (Q^)  results  in  a 
prediction  of  Ag \  which  will  yield  a  better  approximation  to  the  system 
equilibrium  composition. 

In  order  to  prevent  the  occur ance  of  negative  molar  arounts  the  effect  of 
on  the  new  composition  must  be  tested.  Thus,  for  the  nonbasis  species: 

n' i  =  n.  AC-  (9) 


and  for  the  basis  species 


'ik 


where:  AF !  =  <  AA  ( 1  1 ! 

l  n 

In  order  to  assure  that  nonbasis  species  remain  positive  v  j  is  set  equal 
to  -nj  if  Agj<0  and  |  A  Cil  >n  j .  Nonnegativity  of  the  basis  snecies  is 
assured  by  applying  the  relation 


to  each  of  the  basis  species  in  the  syste"  a°i  chaos  i'-.c  *.-e  sma'  lest  p<  >  1 1 1 v e- 
va'je  of  <  which  results  while  <  is  consf  to  be  nu  ;  •  eater  than  unity. 

In  order  to  assure  convergence  of  the  vr  ical  sch-~  e  it  is  necessj-y  to 
apply  a  convergence  forcer.  The  Gibbs  Free  Energy  of  tn~  systen  is  given  by 

vsc 

G  =  y  n.  [u:  +  RT  cn  a.l  (II) 

i  =  1  1  1  1 

The  procedure  used  for  determining  the  value  of  t^e  convergence  forcer  ,  >  , 

is  as  fo I  lows . 

I)  Evaluate  the  derivative: 


=  I  'n.  [y*  +  in  a! ] 


[M\  =  J  An 

[cT.jX  =  l  f=]  i 

where:  a  *  =  ft.  n! 

Ani  =  "i  ‘  ni 

If  jjfjl  <  0  then  set  X  =  1 . 

2)  IffS!  >  0  then  evaluate: 


ft?-  =  l  rln[u“+Ena] 

ldAJx=n  .  .  1 


i  i 


The  optimum  value  of  \  is  then  appr  ox a* -Hi  by: 
(dG/d\)i  „ 


id  G  x  cl  G 

(d  •  j  — 0  ”iT>  ,‘  =  l 


cr"i  >t  ion  14  represents  a  s  step  oc  a  Reg  o'  a-c  a’  s  i  i  on*,  finding 

*'  .  ;.i  i  thm  which  yields  a  sufficiently  a-' :  i»  a1’-’  e>t  i-"te  t:  the  opt  <  ■< . »:  value  of 
‘.h  ;  irw>rqence  forcer.  Infrequently,  eo  <  i‘  i  an  14  will  z<  edict  a  nog  a*  ive  va!je 

f  o>  •  and  in  this  case  \  is  set  to  0.0  a  in  de»  to  a;  ’  *.hrr  i  t-*r  at  i  ,c  solution 
Co  con  t  inue  . 


Source  Zone 


B.fi  Example  Calculation:  The  Ga-s  Chlor  ide  System 

The  results  of  an  equilibrium  calculation  for  the  chloride  system 

source  zone  are  shown  in  Figure  82R.  The  wrap-up  file  c‘  tnese  results  and  the 
data  file  which  yielded  them  are  shown  in  Figures  R29  ar"  ?30  respect i ve ly. 

This  calculation  determines  the  qas  phase  composition  lea.'-g  the  source  zone  of 
a  chloride  system  CVD  reactor  at  a  temperature  of  700C  a^:  I  atm  pressure.  The 
inlet  qas  composition  was  \%  A  s  C 1 3  and  99T  The  stead..  state  liquid 

option  ( I SS= 1 )  was  active  and  excess  solid  SiO;?  was  assn"-:  present  in  order 
to  determine  the  amojnt  of  silicon  which  would  be  present  :o  the  vapor. 
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THE  OA/AS  CHLORIDE  SYSTEM  SOURCE  20NE  A  TEST  OF  MCMPEC  STOIC 
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